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INTRODUCTION 

1.1. Drought 

Understanding the impacts of climate variables on agricultural production has become 

preeminent in this contemporary age of global warming, as these climate variables directly 

affect agricultural production by regulating growth of plant, performance of crop yield and 

yield of cropping system over a period of time [1-3]. Climate extremities are anticipated to 

augment due to rapid changes in climate, which might cause a detrimental effect on the 

production of crop [4]. Among different climate extremes, drought stress is the most 

common extremes, that imposes principle constrain on crop yield performance threatening 

global food security. Drought has substantially decreased maize production by 11.6%, 

soybean production by 12.4% and wheat production by 9.2% [5]. 

In India, different regions exhibit varied frequencies and intensities of drought [6]. In 

the country, drought situations are estimated to project by 2050 in peninsular, central and 

northeast regions [7]. Approximately 50% of the area in India is prone to drought stress [8]. 

Effects of drought are aggravated in India due to groundwater depletion, increasing 

population and deviated monsoon [9-11]. Because of monsoon failure in the year 2018 and 

underperformance rainfall in the year 2019, Indian peninsula has faced severe drought. 

Among all, states of Andhra Pradesh, Maharashtra, Tamil Nadu and Karnataka have become 

highly affected [12]. Flash drought is seen as one of the extreme events recently [13]. Flash 

drought quickly depletes the soil moisture content and as a result shows its impact directly on 

agriculture [14]. During the monsoon season, approximately 82% of flash droughts are 

observed in India. As flash droughts intensely and quickly reduce moisture content in soil, 

plant growth is highly affected resulting in decreased crop production. Increased incidence of 

flash droughts will have large implications on agricultural production [15]. In this scenario, 

development of drought tolerant high yielding varieties becomes highly imperative.  As 

drought stress is multifaceted and is highly complex phenomenon, understanding plant’s 

response to drought has adequate repercussion for the development of better varieties. 
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INTRODUCTION 

1.2. Hot Pepper 

 Capsicum annuum L. is cultivated either for pungent fruit (chilli/hot pepper) or non 

pungent fruit (sweet pepper). It is an important commercial crop grown for vegetable, spice 

and processed produce [16]. Hot pepper has numerous chemical components such as 

capsaicinoids, carotenoids, proteins, fibers and vitamins which make it highly desirable [17]. 

Chilli is known to be rich in Vitamin E, Vitamin C, Vitamin A, potassium, folic acid and low 

in sodium and cholesterol.  

With cultivation in 1.5 million ha, chilli production in world is expected to be 20 

million tons FWt [18]. Contributing 39.78% in global production, India is not only the 

leading producer but also the largest consumer and exporter of chilli. In India, major chilli 

producing states are Andhra Pradesh, Tamil Nadu, Telangana, Karnataka and Madhya 

Pradesh.  Having 51% of total production and 30% of area under cultivation, Andhra Pradesh 

stands first in the country [19]. Although India contributes largely in hot pepper production, 

productivity in the country is very low (1.75 t/ha) when compared to other countries like 

Morocco, Jamaica (10 t/ha) [20]. As 60% of chilli crop is cultivated in rain-fed conditions, 

crop yield is reduced by 50-60% due to water deficit conditions [21]. According to Jaimez et 

al., [22], chilli is described as a drought susceptible crop. Plants in their vegetative phase 

cannot withstand moisture deficit conditions [23]. If dry weather persists during the growing 

season of the crop, infestation of thrips is exacerbated resulting in biotic stress [24]. Due to 

the low moisture content in soil, early flowering takes place reducing crop produce [25].  

Between the months, June 2018- April 2019, Andhra Pradesh has received 32% 

deficient rainfall. In addition, 94% land of Andhra Pradesh (undivided) is susceptible to 

agricultural drought [26]. In the view of increasing drought, development of drought tolerant 

varieties with minimal effect on yield is highly desirable. For successful breeding programs, 

availability of diverse range of genetic material becomes prerequisite. Further, a genotype is 

considered drought tolerant only if it contains few tolerant traits rather than one which 

complement one another or which operate in tandem. Hence, large scale germplasm 

screening to identify genotypes with drought tolerance traits is need of hour. 
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INTRODUCTION 

1.3. Aquaporins 

 Aquaporins (AQPs) are members of Major Intrinsic Protein (MIP) family of integral 

membrane proteins. They are ubiquitous and are found in all forms of life. Though AQPs are 

initially identified as channels for movement of water, many studies report their role in 

transport of other solutes and gases [27]. In comparison to animals, plants encompass large 

number of aquaporins. Plant aquaporins possess large diversity in solute transport and sub-

cellular localisation. Aquaporins not only play indispensible role in transport of water across 

the cell membrane but also acknowledged to be involved in growth of plant, development 

and defense response against biotic and abiotic stressors.  

 A steady flow of water from soil to roots, thereupon its movement all through the 

plant body, finally escaping into environment by the process of transpiration is very crucial 

for accomplishing all physiological activities in plants and also for managing stress induced 

by abiotic and biotic factors. Bulk water flow for long distances take place through vascular 

tissues and is not constrained because of membrane barriers [28]. Non-vascular short 

distance movement of water across cell membranes is pivotal to sustain turgor within the cell 

and to maintain water homeostasis at cellular, tissue and organ levels. AQPs, being integral 

membrane proteins are found to play prominent role in leaf hydraulic conductance, osmo-

regulation, root hydraulic conductance, transpiration and cell elongation [29-32]. 

Retaining osmotic potential in the cell is of paramount importance for the survival of 

plants under biotic and abiotic stress conditions. Especially during abiotic stress, plant water 

relationships are directly influenced. Altered plant water relations stimulate diverse responses 

at physiological, molecular, morphological and biochemical levels. Drought induced 

reorganization in leaf hydraulic conductance and root hydraulic conductance is often the 

result of changes in aquaporin activity and/or abundance [33]. Also, alleviation of drought 

stress resulting from altered AQP expressions are also reported in several crops. Being key 

regulator in plant water relationships, aquaporins become potential and promising targets in 

understanding the dynamics of plant water relations in drought and also in developing 

drought tolerant varieties.  
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INTRODUCTION 

1.4. Molecular Breeding for Drought Tolerance 

 In order to feed the growing population, agricultural productivity has to be enhanced. 

Yet, due to changing climatic conditions, drought has become one of the major constrains 

hindering agriculture productivity. Identifying varieties with desirable characteristics and 

crossing them for the creation, selection and fixation of desirable phenotypes in cultivars is 

known as plant breeding and is a common practice used to develop superior varieties. 

Development of molecular markers has changed the face of plant breeding. Recent years 

marked enormous increase in molecular markers, genetic maps and whole genome sequences 

[34]. These genetic advancements led to the discovery of QTLs which were further harnessed 

to screen germplasm and assist marker assisted breeding [35].  

In the last decade, great amount of work has been reported in plant drought resistance 

with the development of modern tools and methodologies [36]. Also, numerous studies 

identifying QTLs linked to drought tolerance were reported [37, 38]. Recently, in barley, 

QTLs for various physiological and biochemical traits were identified [39]. Also, QTLs 

related to drought tolerance were reported in rice [40]. Marker technology has witnessed 

growth, but in comparison to other solanaceae members, momentum of mapping QTLs in 

Capsicum annuum is slow. The low prevalence is attributed to not only the large genome size 

but also due to presence of low levels of polymorphism [41-43]. Although QTL mapping is 

slow in chilli, many QTLs were identified in intra-specific and inter-specific crosses. QTLs 

for flowering time and number of flowers per node were discovered in inter-specific cross 

between Capsicum chinenese and Capsicum annuum [44]. Fruit length related QTLs were 

identified in an inter-specific cross (Capsicum annuum and Capsicum galapagoene) [45]. For 

capsainthin content, QTL was identified in an intra-specific cross of Capsicum annuum [46]. 

QTLs for first flower node, which is a significant trait for determining fruit earliness were 

identified in an intra-specific cross [47].  
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LITERATURE REVIEW 

2.1. Drought and Plant’s Response 

In the present era, climate change is a defining concern that has immensely 

transformed and transforming earth’s ecosystem. Despite of the fact that, climate change is 

constant and natural process, the pace of climate change has intensified manifolds due to 

increased anthropogenic activity. Land is being degraded at higher rates because of 

desertification and depletion of nutrients due to climate change. Approximately 500 million 

hectares was forsaken due to increased aridity as a result of drought [48]. 

Water deficit condition effects all forms of life especially plants, which are rooted in 

a specific area. With adverse affects on plant growth and yield produce, drought 

unequivocally effects agricultural productivity. Limited water supply and increasing food 

demands further intensify the aftermaths of drought. Hence, understanding the consequences 

of frequent droughts on plant’s physiology is very important yet; recreatability of water stress 

conditions is oftentimes cumbersome. Drought at field level develops very slowly while in 

pot develops rapidly. Further, at any point of time in field, plants have to face and respond to 

multitudinous stresses (heat, light, oxidative stress and drought) simultaneously. Because of 

these multiple factors, comprehending drought tolerance mechanisms has become very slow 

and this slow pace has hindered genetic, breeding approaches in development of tolerant 

lines and in enhancement of drought tolerance in plants [49]. By the year 2050, world 

population is expected to ascend 9.7 billion which would intensate pressure on agricultural 

productivity to meet global food demands. 

 Therefore it becomes imperative to enhance tolerance in crops and also to develop 

drought tolerant high yielding varieties to meet the food security of expanding population.  

Despite the adverse effects of drought on crops, plants increase their adaptiveness to 

environmental stress conditions by producing array of changes. Knowingness of drought 

tolerance mechanisms and genes controlling drought tolerant traits is prerequisite to develop 

crops with increased drought tolerance. In general, drought stress disorganizes plant water 

relationships resulting in decreased water use efficiency. In order to reduce the loss of  
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water by transpiration, stomata are closed which inevitably reduces the influx of carbon 

dioxide resulting in decreased photosynthetic activity. 

In addition, CO2 fixation gets lowered due to non-stomatal limitations such as 

mesophyll conductance, disturbed enzyme activities. Increased metabolites due to photo-

respiratory pathway result in the oxidative stress generating ROS leading to peroxidation of 

lipids. Accumulation of soluble sugars and osmolytes to maintain turgor and production of 

several antioxidant enzymes to scavenge ROS are generally seen at cellular levels. Up-

regulation of several drought related genes is observed at molecular level. In addition, 

drought tolerance mechanisms and drought adaptation strategies differ from species to 

species and from genotype to genotype within species. Response to drought also depends on 

frequency, intensity of drought and plant’s growth stage at which stress occurs. All these 

mechanisms function in complement with each other or function in tandem. Plants reveal 

diverse strategies making plant’s response to drought, a highly complex phenomenon. An 

initial and crucial step in understanding drought tolerance strategies deployed by plant is to 

assess the degree of drought tolerance within different genotypes by interpreting the 

consequence of drought on various physiological, morphological, molecular and biochemical 

traits in drought conditions. Identification and selection of drought tolerant genotypes is very 

essential step to develop genotypes that can resist and sustain prolonged drought. Further, 

drought tolerance can be enhanced only by bringing together different yet relevant adaptive 

traits into an elite genotype.  

 Applied to all plants, drought resistance is a general and broad term and is divided 

into three components namely; drought tolerance, drought avoidance and drought escape 

[50]. The ability of the plant to complete its entire life cycle when water availability is 

sufficient before onset of water deficit conditions is termed as drought escape. Because of 

this reason, plants do not experience drought stress and they tend to regulate their growth by 

two mechanisms namely developmental plasticity and phonological development [51]. 

Drought escape strategy undertakes high metabolism giving rise to rapid cell division and 

expansion. Stomata are widely opened facilitating higher gas exchange, photosynthesis 

reducing water use efficiency. These result in rapid development of palnt [52,53]. In contrast, 
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drought avoidance is an adaptive strategy wherein plants have the ability to retain higher 

water contents despite of decreased soil moisture content. This is achieved by minimizing 

water loss by lowering transpiration, leaf area, leaf size, leaf number and maximizing water 

uptake by increased hydraulic conductance and rooting [54]. Capability of plants to tolerate 

low water content by maintaining cell turgr through osmotic adjustment is termed as drought 

tolerance [55, 56].  

 At all stages of plant growth and development, water is crucial element. Water deficit 

conditions drastically alter osmotic potential, water potential and turgor potential. Among 

different water relations, leaf water status is a trustworthy parameter which directly indicates 

plants response to drought. Drought induced reduction of relative water content in leaves was 

reported in cotton [57], groundnut [58], switch grass genotypes [59], potato [60], cowpea 

genotypes [61], peanut [62], wheat genotypes [63], maize [64]. One of the major negative 

impacts of drought on plant is reduction in photosynthesis because of stomatal and non-

stomatal limitations [65]. Because of decreased photosynthetic rate, plant growth is 

drastically reduced. In order to reduce loss of water in water deficit conditions, plants close 

the stomata but inescapably reduce carbon influx. Profound consequences of drought on leaf 

gas exchange parameters were observed in grapevine [66], cowpea genotypes [67], winter 

wheat [68], bottle gourd [69], juglans [70] and mulberry [71].  

 Drought invariably leads to production of excess ROS leading to oxidative stress. 

Plants produce array of non-enzymatic and enzymatic antioxidant components to scavenge 

ROS thereby protect the cell from oxidative stress. Antioxidative potential was used to screen 

drought tolerance among genotypes in finger millet [72], Vigna mungo [73] and soybean 

cultivars [74]. Development of drought tolerant plants does not meet the global food needs. 

High yielding varieties and yield stability of crops both under non-stress and stress 

conditions is highly advantageous in this hour, to attain global food security. Hence 

screening of genotypes both for drought tolerance and relatively higher yield even under 

drought conditions is highly desirable.   
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2.2. Aquaporins 

 Water is not only an essential component of life but it is medium of life. As biological 

membranes possess limited water permeability, cells accelerate and facilitate the movement 

water in and out by means of specific channels called aquaporins. Aquaporins consitute 

Major Intrinsic Protein (MIP) family of integral membrane proteins. Major Intrinsic proteins 

are present ubiquitously in all living organisms. Aquaporins are considered as abundant 

transmembrane transporters which are known to transport not only water but also small 

substrate molecules such as glycerol, CO2, urea, NH3, boron, formamide, lactic acid, arsenite, 

silicon and lactic acid [75]. In other organisms like Escherichia coli (2), Saccharomyces 

cerevisea (9), Caenorhabditis elegans (11), mammals (13) [76], only small number of 

aquaporins were identified. Whereas in plants, large number of aquaporins with diverse 

localisation and diverse functions were identified viz., Arabidopsis (35) [77], rice (33) [78],     

Zea mays (36) [79], Populus trichocarpa (55) [80] and Glycine max (66) [81]; emphasising 

the role of AQPs in plants.  

Presence of six alpha transmembrane helices is one of the common characteristics of 

all MIPs. The six transmembrane helices are interconnected by five inter-helical loops (LA-

LE). Several works reported considerable diversity in substrate specificity for transport 

among plant aquaporins [82]. According to Hove and Bhave [27], NPA motif pair and ar/R 

filter residues determine specificity of pore to specific substrate/substrates. While in proton 

exclusion NPA plays a major role [83], transport selectivity is facilitated by ar/R constriction 

by providing pore constriction [84, 85]. In aqua-glyceroporins, ar/R filter residues are more 

hydrophobic and in aquaporins, they are more hydrophilic. Hydrophobic residues at ar/R 

constriction aid the transport of urea, glycerol and polyols [83]. To differentiate aquaporins 

and aqua-glyceroporins, five amino acid residues at P1-P5 Froger’s positions, play a major 

role [86]. For non-aqua substrate specificity, nine specificity determining positions (SDPs) 

have been proposed [27]. 
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The structure of aquaporin is in such a way that the second half of structure is 

fundamentally an inverted repeat of the first half, resulting in the carboxy terminus at 

cytoplasmic end [87]. The two interconnecting loops containing NPA motif each, overlap in 

the middle of lipid bilayer creating a narrow channel for the passage of water. The striking 

attribute of aquaporins is, they facilitate permeability of water but exclude proton flux. 

During water movement, hydrogen atoms are directed towards the exits, H2O molecules are 

oriented in opposite directions in two halves of channels [88]. As central oxygen in the water 

molecule remains bound with two asparagines from both NPAs, it becomes unavailable as 

proton acceptor. This results in exclusion of protons [89]. 

In the membrane, aquaporins assemble as homotetramers. Each monomer consist a 

functional water channel. Because of gating, activity of each pore is altered. Conformational 

changes are thought to be promoted because of phosphorylation in loop B and C-terminus 

and protonation in loop D. These conformational changes lead to the closing or opening of 

the pore [90]. Based on phylogenetic analysis of aquaporins across the organisms, aquaporins 

were divided into different groups namely, tonoplast intrinsic proteins (TIPs), plasma 

membrane intrinsic proteins (PIPs), small basic intrinsic proteins (SIPs), unclassified X 

intrinsic proteins (XIPs), nodulin-like intrinsic proteins (NIPs), hybrid intrinsic proteins 

(HIPs) and homologue of the Escherichia coli intrinsic protein GlpF (GIPs) [91]. While all 

plants contain TIPs, PIPs, NIPs and SIPs, XIPs were exclusively found only in dicots [92]. 

Aquaporin XIPs were reported to be absent in monocots [93]. Moss (Physcomitrella patens) 

and Fern (Selaginella moellendorffii) showed the presence of HIPs and GIPs [94]. In 

sustaining water homeostasis, aquaporins play an important role. Activity and abundance of 

aquaporins is highly regulated thereby they regulate influx and outflow of water into and out 

of cells respectively. Transmembrane water movement is altered due to drought conditions 

[95-97]. Drought induced changes in aquaporin expression effectively regulate movement of 

water across the cell membranes thereby helps the plant to tolerate stress. But how 

effectively aquaporins alleviate the stress depends on growth conditions of plant, organ, 

intensity and duration of drought and type of aquaporins induced [98, 99]. Drought induced 

aquaporin expression was observed in grapevine [100], Coffea arabica [101], Vitis vinifera 
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 [102], bean cultivars [103], poplar leaves [104] and mulberry [105]. 

 

2.3. Molecular Markers and QTL Mapping 

Among several abiotic stresses, drought is a prevalent abiotic stress effecting crop 

productivity because of changed precipitation patterns and insufficient rainfall [106]. 

Generally drought is synchronized with high temperatures which further enhance 

evapotranspiration, photosynthetic rates, aggravating the effects of drought and finally 

reducing yield. Being a quantitative trait, drought tolerance is controlled by several genes 

[107]. Although drought is one of major cause for the depletion of crop productivity, it is 

recalcitrant to breeding [108]. This is because of complex and multifaceted drought tolerance 

mechanisms. Formerly, breeding for drought tolerance was hampered because of quantitative 

inheritance of drought tolerance and minimal understanding of physiological basis of yield 

traits and phenotyping [109]. Genetic variation among the lines was detected by visual 

selection in conventional breeding. Classical breeding is often time taking process and is 

cumbersome. But with the advent of molecular markers, variations between different 

cultivars were being identified at molecular level depending on the changes of DNA and their 

effect on phenotype. In past few years, immense progress was observed in development of 

genetic tools, whole genome sequencing techniques, molecular markers, genomic 

regions/QTLs underlying drought tolerance traits, dense genetic maps. In comparison to 

biochemical and morphological markers, molecular makers carry numerous advantages as 

they are highly stable, unlimited in number, detectable at all growth stages and in all tissues. 

In additions, they are not affected by epistatic and pleiotropic effects [110]. Because of their 

immense advantages, they were widely used in finger printing, genetic diversity analysis, 

physical and genetic map constructions, identification of QTLs, gene pyramiding, marker 

assisted selection  [111- 114]. DNA polymorphism was detected using different molecular 

marker systems in Jatropha [115], Scutellaria baicalensis [116], Arachis hypogaea [117], 

Indian mugbean [118], chilli [119], chickpea [120], egg plants and water melon [121], 
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cluster bean [122], rice [123-125], and maize [126-128]. Based on the method by which 

variation in DNA is identified, molecular markers were divided into PCR independent (based 

on hybridization), PCR dependent and micro-array based markers [129]. 

RFLP (Restriction fragment length polymorphism) makers are well known 

hybridization molecular markers, whereas RAPD (Rapid Amplified Polymorphic DNA), 

AFLP (Amplified Fragment Length Polymorphism), SSRs (Simple Sequence Repeats) STSs 

(Sequence Tagged Sites), CAPS (Cleaved Amplified Polymorphic Sequences) are PCR 

dependent molecular makers. SNPs (Single Nucleotide Polymorphism), DArT (Diversity 

Array Technology) were considered as micro array based molecular markers [130].  

Owing to their effective cost, less time, easy handling, PCR dependent makers are 

being widely used in identifying genomic regions controlling several important traits. 

Further, because of advances developed in genome mapping and functional genomics, 

molecular dissection of drought tolerance has become easier [131]. QTLs linked to drought 

tolerance were identified using linkage mapping [37, 38]. Because of limitations affiliated to 

type of mapping population, QTL mapping using linkage mapping approach does not give 

precise information. To overcome these shortcomings, another approach called Linkage 

Disequilibrium based association mapping is suggested [132, 133]. Using association 

mapping, markers associated with drought tolerance traits were reported in several crop 

species like barley [134, 135], wheat [136]. Be it association mapping or linkage mapping 

approach, many QTls for drought tolerance traits got discovered in several crops namely 

maize, rice, sorghum, soybean, barley, chickpea, pearl millet [137]. 

Many works reported the usage of molecular markers in genetic diversity studies of 

Capsicum annuum genotypes. Genetic diversity studies using AFLP markers were reported 

in pepper [138, 139]. Between Capsicum annuum landraces from Colorado, Mexico, 

Northern New Mexico, genetic diversity study was studied using RAPD markers [140-143]. 

Usage of microsatellite markers to study the diversity among chilli genotypes was reported 

Taranto et al., [147]. Even though, recent years witnessed enormous growth in marker 

technology, QTL mapping is comparatively sluggish in chilli [45]. 
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This can be associated with the low levels of polymorphism within chilli lines and due to 

genome size [41-43]. 

Although, QTL mapping is slow in chilli, many QTLs were identified in intra-specific 

and inter-specific crosses. QTLs related to fruit and fruit related characters were identified 

[43-47]. QTL associated with oleroresin content was identified in an intra-specific cross 

[148]. Apart from QTLs associated with fruit and yield related traits, QTLs associated for 

disease resistance were also identified in Capsicum annuum. QTLs for phytophthora fruit rot 

resistance [149, 150] QTLs for anthracnose resistance were identified [151, 152]. Yet, QTLs 

related to drought tolerance and drought tolerance traits were not reported in chilli. 

 Keeping in view, the significance of drought tolerance studies in commercial crop 

Capsicum annuum L., the following work was proposed with the following objectives: 

 Screening of chilli genotypes against drought 

 Genome-wide Identification and Expression Analysis of Aquaporin Gene Family in 

Capsicum annuum L. 

 Construction of intra- specific linkage map using mapping population and 

Identification of QTLs for traits related to drought tolerance. 
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OBJECTIVE-1 
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OBJECTIVE-1 

3.1. Materials and Methods 

3.1.1. Evaluation of Seed Antioxidant Potential 

3.1.1.1. Seed Material 

 Seeds of twenty pepper genotypes were acquired from Horticultural Research Station, 

Guntur, AP. Seeds were grown in randomized block design in greenhouse of K L University, 

Guntur. Elite genotypes (Table 3.1) were maintained through self pollination and were used 

for the study. Seeds of each genotype were ground and sieved to obtain fine powder. The 

seed powder was used to evaluate antioxidant potential in seeds. 

Table 3.1 Hot Pepper Genotypes used for Screening Drought Tolerance 

S.No. Pedigree Accessions Genotypic Code 

1 Super10 Super10-1-1 KCa-1 

2 Devunur Deluxe Devunur Deluxe-1-1 KCa-2 

3 SHP4884 SHP4884-1-1 KCa-3 

4 LCA353 LCA353-1-1 KCa-4 

5 BSS355 BSS355-1-1 KCa-5 

6 Indam 5 Indam5-1-1 KCa-6 

7 G4 G4-1-1 KCa-7 

8 Bss273 Bss273-1-1 KCa-8 

9 LCA334 LCA334-1-1 KCa-9 

10 CA941 CA941-1-1 KCa-10 

11 Rabi222 Rabi222-1-1 KCa-11 

12 Arunyam Arunyam-1-1 KCa-12 

13 CA960 CA960-1-1 KCa-13 

14 LCA341 LCA341-1-1 KCa-14 

15 Vishnu Vishnu-1-1 KCa-15 

16 Teja Teja-1-1 KCa-16 

17 Preethi Preethi-1-1 KCa-17 

18 NCH5 NCH5-1-1 KCa-18 

19 Super2 Super2-1-1 KCa-19 

20 Pusa Jwala Pusa Jwala-1-1 KCa-20 
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3.1.1.2. Determination of DPPH Radical Scavenging Activity 

 To evaluate DPPH scavenging activity, 100 mg ground seed powder was combined 

with methanol (2 ml) and incubated at room temperature for 24 hrs. Filtrate (1 ml) was mixed 

to 0.1 mM DPPH (3 ml) in test tubes and incubated for 30 min under dark conditions. 

Absorbance was taken at 515 nm with UV-Visible Spectrophotometer (Eppendorf 

BioSpectrometer, Epperndorf AG, Germany). DPPH radical scavenging activity was 

calculated as described in Okho et al., [153].  

 

3.1.1.3. Evaluation of Reducing Power 

 Seed powder (500 mg) was mixed with methanol (5 ml). The mixture was incubated 

at room temperature overnight. After the incubation, to the filtrate (1 ml), 5 ml phosphate 

buffer (2 M, pH 6.6) and 1% potassium ferricyanide (5 ml) were added. Contents were 

incubated for 20 min in water bath at 50o C. Post incubation, 10% trichloroacetic acid (5 ml) 

was added and contents were mixed to make uniform suspension. The contents were 

centrifuged for 10 min at 5000 rpm. Supernatant was carefully removed into another test tude 

to which, ddH2O (5 ml) and 0.1% ferric chloride (1 ml) were added and the absorbance of 

chromophore was read at 700 nm. Reducing power was determined as described in Do et al., 

[154].  

 

3.1.1.4. Estimation of Total Phenol Content 

Total Phenol Content (TPC) was quantified by extracting seed powder (300 mg) with 

80% methanol (5 ml). To 1 ml of the extract, 0.5 ml Folin-Ciocalteu reagent, ddH2O (7.5 ml), 

20% sodium carbonate (1.5 ml) were added. Contents were gently mixed to make uniform 

suspension. Absorbance of the contents was taken at 755 nm. Total Phenol Content was 

determined as described in Tohma et al., [155]. 

 

3.1.1.5. Estimation of Proline Content 

 In seed powder, proline content (PC) was estimated by extracting seed powder (500 

mg) with 3% sulfosalicylic acid (10 ml). To the obtained filtrate (2 ml), 2 ml each of acid-  
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ninhydrin reagent and glacial acetic acid were added and boiled in water bath for 1 hr. 

Produced chromophore was extracted using toulene (4 ml). Absorbance of chromophore was 

taken at 520 nm. Proline content was quantified as described in Sankar et al., [156]. 

 

3.1.1.6. Determination of Peroxidation of Lipids 

 Extent of peroxidation of lipids was evaluated by determining malondialdehyde 

(MDA) formed after reacting with thiobarbituric acid (TBA). Seed powder (1000 mg) was 

homogenised with 1% Trichloroacetic acid (10 ml). Homogenised material was centrifuged 

for 5 min at 10,000 rpm. Supernatant (1 ml) was taken into a separate test tube, to which 

0.5% TBA (4 ml) was added. Contents were mixed gently and the mixture was heated in 

water bath at 95o C for 30 min. Reaction was terminated by transferring test tubes onto ice. 

Absorbance at 600 & 532 nm was read and malondialdehyde concentration (mMoles/g) was 

determined using 155 mM-1 cm-1 extinction coefficient as described in Rasool et al., [157].  

 

3.1.1.7 Estimation of Hydrogen Peroxide (H2O2) 

 Hydrogen Peroxide was quantified by extracting seed powder (200 mg) in 0.1% 

trichloroacetic acid (5 ml). After filtration, to 0.5 ml filtrate, dichromate:acetic acid (2 ml, 

(5% potassium dichromate and acetic acid in 1:3 volume)) was added. The contents were 

then heated in boiling water bath for 10 min. Post boiling, test tubes were cooled to room 

temperature. Green coloured chromophore was formed and absorbance was taken at 570 nm. 

H2O2 (𝜇𝜇moles/g) content was estimated as described in Kaur et al., [158]. 

 

3.1.1.8. Statistical Analysis 

 For all the assays, values were determined in triplicates and data represented was 

mean ± SD. Data was analyzed using one way ANOVA and using Tukey’s post hoc test, 

multiple comparisons were performed at P=0.05. The correlation between the traits was also 

measured using Pearson’s correlation coefficient. All statistical analysis was performed in 

GraphPad Prism v 8.4.3 for windows.  
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3.1.2. Screening Genotypes for Drought Tolerance Traits at Vegetative Phase 

3.1.2.1. Plant Material 

 Elite hot pepper genotypes (Table 3.1) were raised in trays having mixture of 

vermicompost and peat (3:1) for 45 days under control conditions at 27oC (day time), 21oC 

(night time) with 16 hrs light and 8 hrs dark in green house. Seedlings were transplanted into 

pots after 45 days and acclimatised for one week.  

 

3.1.2.2. Stress Imposition 

 Experiments were performed in green house, K L Garden, K L University, Andhra 

Pradesh in the year 2015-16. Each pepper genotype was exposed to three different water 

regimes viz., 100% Field Capacity (FC) (Control), 60% FC (moderate drought stress) and 

40% FC (severe drought stress) 60 DAS, using gravimetric approach. With this method, 

precise stress imposition was possible by weighing the pots daily for two times and 

maintaining the pots at required weight by adding water that was lost due to 

evapotranspiration [159].  

 

3.1.2.3. Leaf Gas Exchange Parameters 

 At the end of water stress imposition, from upper canopy third leaf was kept inside 

the leaf chamber and left undisturbed so that; leaf gets acclimatized to new microclimate. 

Using CO2/H2O infra-red gas analyzer (LCpro-32070; ADC Bioscientific Ltd), Stomatal 

conductance (Gs; mol CO2 m-2 s-1), Net Photosynthetic Rate (Pn; µmol CO2 m-2 s-1), 

Transpiration (E; mmol m-2s-1), sub-stomatal CO2 concentration (Ci; µmol CO2 m-1) were 

measured. Leaf gas exchange parameters were measured between 10.00 and 13.00 solar time, 

at photosynthetically active radiation (PAR) of 1600 µmol m-2s-
 which was provided by light 

source (LC pro-32,070-Broad; ADC Bioscientific Ltd), temperature of 25-26o C, carbon 

dioxide concentration of 300 µmol and relative humidity of 55-60%. 

 

3.1.2.4. Determination of Proline, H2O2 and MDA contents 

 At the end of the stress period, leaf samples from control and droughted plants were 

collected and proline, H2O2, MDA contents were determined as aforesaid methods. 
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3.1.2.5. Estimation of Water Status in Leaf 

 Water status in leaves was determined by measuring RWC (relative water content) in 

control, droughted leaf samples. Leaf samples were collected and immediately fresh weight 

(FWt) was determined. Following this, leaves were immersed in ddH2O for four hours at 

room temperature and turgid weight (TWt) was calculated. Later, leaves were dried at 70o C 

for 48 hrs and dry weight (DWt) was documented. RWC was then determined using the 

method described in Shivakrishna et al., [160]. 

 

3.1.2.6. Estimation of Total Chlorophyll Content 

 Leaves (500 mg) collected from plants under control and stress conditions were 

incubated in 10 ml of dimethyl sulphoxide (DMSO) and acetone in 1:1 ratio for a period of 

6-8 hrs. At the end of the incubation, OD of the extract was taken at 645 and 663 nm. Total 

chlorophyll content was measured as per the formulae given in Shivakrishna et al., [160]. 

 

3.1.2.7. Determination of Cell Membrane Integrity 

 Cell membrane integrity was estimated by determining ion leakage from leaves. 

Chilli leaves were collected from both control and treated plants. Excised leaves were 

incubated in distilled water at room temperature for 4 hrs. Using conductivity meter, initial 

conductivity (C1) was measured. The solutions were then autoclaved to allow complete 

leakage from leaf sample and final conductivity (C2) was measured. Degree of electrolyte 

leakage was quantified as described in Su et al., [161].  

 

3.1.2.8. Determination of Catalase (CAT) Activity 

 Leaves (0.5 g) were excised and were homogenised using potassium phosphate buffer 

(5 ml, 50 mM, pH-7) in pre-cooled motor and pestle. Contents were centrifuged for 10 min at 

12,000 rpm at 4o C. To determine the CAT activity, potassium phosphate buffer (1.9 ml. 50 

mM, pH-7), 0.1 ml enzyme extract and H2O2 (0.1 mM, 1 ml) were added in experimental 

cuvette. CAT activity was assayed for 1 minute at 240 nm. Quantification of CAT activity 

was done by measuring decomposition of H2O2 [162].  
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3.1.2.9. Determination of Superoxide Dismutase (SOD) Activity 

  Leaves were homogenised using potassium phosphate buffer (3 ml- 50 mM, pH-7). 

Contents were centrifuged for 10 min at 10,000 rpm at 4o C. In the test tube, enzyme extract 

(0.2 ml) was taken to which sodium pyrophosphate buffer (1.2 ml, 0.025 M, pH-8.3), 

phenazine methosulphate (0.1 ml, 186 𝜇𝜇M), nitro blue tetrazolium (0.3 ml, 300 𝜇𝜇M) and 

water (2.8 ml) were added. Reaction was started by addition of 0.2 ml NADH (780 𝜇𝜇M). 

Reaction was allowed to happen for 90 sec and 1 ml glacial acetic acid was added to 

terminate the reaction. To this test tube, 4 ml of n-butanol was supplemented and centrifuged 

for 10 min at 10,000 rpm. Formed chromophore was separated and intensity was read at 560 

nm. Activity of SOD enzyme was determined as described in Sangeetha [163].  

 

3.1.2.10. Determination of Peroxidase (POX) Activity 

 Leaves were homogenised with phosphate buffer (5 ml- 0.1 M, pH-6.5) and contents 

were centrifuged for 10 min at 10,000 rpm at 4o C. Enzyme extract was used for 

determination of POD activity. In the experimental cuvette, 0.1 ml of enzyme extract, 3 ml of 

pyrogallol solution (0.05 M in 0.1 M phosphate buffer, pH-6.5) were added. Reaction was 

started by adding 0.5 ml of H2O2 (1% in 0.1M phosphate buffer, pH 6.5). Change in 

absorbance was read at 430 nm every 30 sec up to 3 min. POX activity was determined as 

described in Rajan and Pushpa [164]. 

 

3.1.2.11. Statistical Analysis 

 Data for all drought tolerance traits were collected in triplicates and data represented 

was mean ± SD. Data was analysed using two-way ANOVA and multiple comparisons 

between genotypes at a given Field Capacity was accomplished using Tukey’s post hoc 

analysis at p=0.05. Correlation between different traits was analysed using correlation 

coefficients. All the analysis was performed in GraphPad Prism v8.4.3 for windows. Further, 

for the visualisation of variables, genotypes and clustering of genotypes, Principal 

Component Analysis followed by K-means clustering was performed using XLSTAT.  
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3.1.3. Evaluation of Yield, Drought Stress Indices and Classification of Genotypes 

The investigation was carried out during 2016-17 at experimental garden in K L E F, 

Andhra Pradesh. Initially, seeds of 20 genotypes were grown in black trays and transplanted 

into soil after 45 DAS. The hot pepper genotypes were grown in accordance with advocated 

practices. Weeds were controlled manually. Experimental garden was divided into two 

blocks- one block being control and the other block was subjected to water deficit conditions 

(80 DAS). In both the blocks, each genotype was grown in a single row and each row 

contained 12 plants. To record number of fruits per plant, five plants per row were selected 

randomly. Based on yield under stress and control conditions, nine drought stress indices viz., 

mean productivity (MP), relative stress index (RSI), tolerance index (TOL), yield stability 

index (YSI), harmonic mean (HM), stress susceptibility index (SSI), geometric mean 

productivity (GP), yield index (YI) and stress tolerance index (STI) and were calculated 

using iPASTIC Tool (https ://mohse nyous efian.com/ipast ic/.) [165]. 

Based on drought stress indices, genotypes were classified into four groups (1) Group 

A- genotypes which show more or less same performance in both control and stress 

conditions, (2) Group B- high yield performance in non-stress conditions, (3) Group C- high 

yield in stressed environments, and (4) Group D- low yield in both control and stressed 

environments, by iPASTIC Tool (https://mohse nyous efian.com/ipast ic/.) which is in 

accordance with Ferdandez’s theory.  
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3.2. Results 

3.2.1. Seed Antioxidant Potential 

In the present investigation, scavenging activity of DPPH radical ranged from 11.43-

79.12% (Table 3.2). Highest scavenging activity was found in KCa-3 (79.12%), followed by 

KCa-6 (59.14%) and KCa-1 (51.28%). Among the genotypes, lowest scavenging activity was 

seen in KCa-19 (11.43%), thereupon in KCa-15 (18.84%) and KCa-10 (32.51%). Among the 

genotypes, reduction potential ranged from 15.77-76.13% (Table 3.2) with highest displayed 

by KCa-6 (76.13%), following KCa-3 (73.10%), KCa-1 (70.05%) and lowest displayed by 

KCa-19 (15.77%), following KCa-15 (17.03%), KCa-10 (27.98%). In hot pepper genotypes, 

total phenol content ranged from 0.28-0.55 mg/g with mean of 0.33 mg/g (Table 3.2). 

Highest phenol content was found in KCa-3 (0.55 mg/g), followed by KCa-6 (0.41 mg/g) and 

KCa-2 (0.40 mg/g). Lowest phenol content was seen in KCa-19 (0.28 mg/g), following KCa-

12 and KCa-8 (0.28 mg/g).  

Mean proline concentration was revealed as 0.48 µmoles/g (Table 3.2). Genotype 

KCa-3 had high proline content (1.69 µmoles/g) and genotype KCa-19 had low proline 

content (0.13 µmoles/g). Average H2O2 content among pepper genotypes was found to be 

167 µmoles/g (Table 3.2). Highest H2O2 content was present in KCa-8 (227.17 µmoles/g). 

Following this, next high H2O2 content was seen in KCa-20 (216.38 µmoles/g) and KCa-16 

(214.06 µmoles/g). Lowest H2O2 concentration was observed in KCa-3 (117.38 µmoles/g) 

followed by KCa-5 (125.33 µmoles/g) and KCa-6 (126.30 µmoles/g). Among the genotypes, 

mean MDA was found to be 7.56 mmoles/g (Table 3.2). MDA content was highest and 

lowest in KCa-14 (14.52  mmoles/g) and KCa-3 (0.83 mmoles/g). 
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Table 3.2 Seed Antioxidant Potential of Hot Pepper Genotypes 

Genotype 

DPPH Radical 

Scavenging Activity 

(%) 

Reducing Power 

(%) 

TPC 

(mg/g) 

PC 

(µmoles/g) 

H2O2 

(𝜇𝜇moles/g) 

MDA 

(mMoles/g) 

KCa-1 51.28* ± 0.41 70.05 ± 1.54 0.30 ± 0.02 0.39 ± 0.01 128.77  ± 0.83 1.52* ± 0.54 

KCa-2 34.32 ± 1.17 45.12 ± 0.86 0.40 ± 0.17 0.76* ± 0.01 174.53  ± 0.34 11.00 ± 1.31 

KCa-3 79.12* ± 0.49 73.10* ± 0.59 0.55* ± 0.10 1.69* ± 0.02 117.38*  ± 0.60 0.83* ± 0.07 

KCa-4 34.47 ± 0.46 51.73* ± 0.65 0.29 ± 0.03 0.40 ± 0.01 199.08  ± 0.39 13.42 ± 0.82 

KCa-5 35.78* ± 1.06 55.55 ± 0.62 0.29 ± 0.03 0.36 ± 0.04 125.33  ± 0.58 4.16 ± 0.45 

KCa-6 59.14* ± 0.09 76.13* ± 0.94 0.41 ± 0.05 0.85* ± 0.02 126.30  ± 1.28 2.26 ± 0.30 

KCa-7 37.82 ± 0.86 61.64 ± 0.47 0.33 ± 0.10 0.68 ± 0.12 181.21*  ± 0.85 13.27 ± 0.90 

KCa-8 33.12 ± 1.01 32.82 ± 1.23 0.28 ± 0.14 0.27 ± 0.03 227.17*  ± 0.18 7.53* ± 1.08 

KCa-9 44.20* ± 0.48 53.70 ± 0.49 0.31 ± 0.01 0.39 ± 0.02 129.23  ± 0.48 4.00 ± 0.50 

KCa-10 32.51 ± 0.46 27.98 ± 0.02 0.29 ± 0.05 0.20 ±0.02 173.73  ± 0.23 10.13 ± 0.59 

KCa-11 41.79* ± 0.86 59.13 ± 0.06 0.33 ± 0.01 0.41 ± 0.016 174.94  ± 1.85 2.42 ± 0.05 

KCa-12 32.60 ± 0.47 31.28 ± 0.89 0.28 ± 0.04 0.34 ±  0.03 187.37  ± 0.36 9.64 ± 0.57 

KCa-13 46.57 ± 0.70 68.71 ± 0.26 0.35 ± 0.08 0.38 ± 0.019 148.11*  ± 0.72 5.81* ± 0.41 

KCa-14 49.36* ± 0.46 32.33 ± 0.37 0.36 ± 0.01 0.41 ± 0.02 187.69  ± 0.96 14.52* ± 0.49 

KCa-15 18.84* ± 0.56 17.03* ± 0.53 0.29 ± 0.03 0.17 ± 0.014 168.87  ± 1.67 10.57 ± 0.83 

KCa-16 45.95 ± 0.03 60.49 ± 1.19 0.34 ± 0.03 0.25 ± 0.02 214.05*  ± 0.86 3.24 ± 0.86 

KCa-17 38.76 ± 0.83 54.82 ± 0.17 0.31 ± 0.05 0.37 ± 0.03 168.59  ± 0.57 9.85 ± 0.88 

KCa-18 37.77 ± 0.36 68.49 ± 0.54 0.38 ± 0.03 0.69 ± 0.01 156.50  ± 0.62 4.13 ± 0.02 

KCa-19 11.43* ± 0.09 15.77 ± 0.44 0.28 ± 0.10 0.13* ± 0.03 153.39  ± 0.71 11.96 ± 0.56 

KCa-20 34.40 ± 0.22 34.81 ± 0.20 0.28 ± 0.03 0.39 ± 0.03 216.38*  ±  0.47 11.00 ± 1.00 

Data shown were mean ± SD, within the column means followed by * were significant at p=0.05. 
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Figure 3.1 Pearson’s Correlation among Drought Tolerance Traits in Hot Pepper 

 Correlation analysis between the traits revealed significant positive and negative 

associations among traits (Figure 3.1). DPPH radical scavenging activity revealed to have a 

significant positive correlation with both proline content (0.77) and total phenol content 

(0.78) indicating phenol and proline contents to have role in radical scavenging activities. 

Both proline and total phenol contents showed significant negative correlation with H2O2 and 

MDA levels indicating the fact that, proline and phenol act as antioxidants. Significant 

negative correlation was revealed between DPPH radical scavenging activity and H2O2, 

MDA contents implying the decrease in H2O2 and resulting decrease in lipid peroxidation 

because of increase in radical scavenging activity of antioxidants.  
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3.2.2. Screening for Drought Tolerance at Vegetative Phase 

 When grown under 100% FC, chilli genotypes revealed an average of 10.61 µmoles/m2/s photosynthetic rate with highest 

in KCa-3 (20.96 µmoles/m2/s), following KCa-1 (18.24 µmoles/m2/s) and lowest in KCa-4 (5.27 µmoles/m2/s), next to KCa-7 

(5.50 µmoles/m2/s) (Figure 3.2). A 0.27 folds decrease was found in average photosynthetic rate (7.69 µmoles/m2/s) when 

genotypes were subjected to 60% FC. When genotypes rendered 40% FC, photosynthetic rate was further reduced by 0.67 folds 

(3.42 µmoles/m2/s) with highest Pn revealed in KCa-14 (8.97 µmoles/m2/s), followed by KCa-13 (8.13 µmoles/m2/s) and KCa-1 

(7.76 µmoles/m2/s). Lowest Pn was seen in KCa-7 (0.82 µmoles/m2/s) next to KCa-8 (1.29 µmoles/m2/s) and KCa-2 (1.31 

µmoles/m2/s) (Figure 3.2). 

 

Figure 3.2 Photosynthetic Rate (Pn) among twenty genotypes under different water regimes. Values represented were mean ± SD.      

* indicates significant difference from other genotypes under the respective FC. 
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Stomatal conductance ranged between 0.12-0.23 moles/m2/s with an average of 0.16 moles/m2/s under control conditions 

(Figure 3.3). Mean Gs was reduced by 0.48 folds when plants were rendered 60% FC (0.085 moles/m2/s). A 0.58 folds decrease 

was found in average Gs in chilli genotypes under 40% FC. Under severe drought conditions, highest Gs was maintained by KCa-3 

(0.16 moles/m2/s) followed by KCa-1 (0.12 moles/m2/s) and lowest was seen in KCa-19 (0.03 moles/m2/s) (Figure 3.3) 

 

Figure 3.3 Stomatal Conductance (Gs) among twenty genotypes under different water regimes. Values represented were mean ± 

SD.* indicates significant difference from other genotypes under the respective FC. 
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Sub-stomatal CO2 concentration ranged from 225.67 µmole CO2/mol to 273.33 µmole CO2/mol in genotypes grown under 

100% FC (Figure 3.4). Under 60% FC, Ci ranged between 243.67-294.00 µmole CO2/mol with highest found in KCa-17 (294.00 

µmole CO2/mol) followed by KCa-11 (µmole CO2/mol) and KCa-5 (286.00 µmole CO2/mol). Lowest Ci was observed in KCa-3 

(243.67 µmole CO2/mol) next to KCa-13 (244.00 µmole CO2/mol) and KCa-14 (247.33) (Figure 3.4). When plants were subjected 

to 40% FC, an increase of 0.13 folds was found in mean Ci.. Genotypes KCa-17 (296.33 µmole CO2/mol) and KCa-15 (195.33 

µmole CO2/mol) had high levels of Ci, genotypes KCa-13 (243.00 µmole CO2/mol) and KCa-14 (263.33) had low levels of Ci 

(Figure 3.4). 

 

Figure 3.4 Sub-stomatal CO2 Concentration (Ci) among twenty genotypes under different water regimes. Values represented were 

mean ± SD. * indicates significant difference from other genotypes under the respective FC. 
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 In chilli genotypes grown at 100% FC, WUE ranged between 0.98-4.69 (Figure 3.5). Mean WUE was observed to be 1.98 

in genotypes when they were subjected to 60% FC. Under 60% FC conditions, high WUE was exhibited by KCa-3 (3.60), 

followed by KCa-14 (3.46), while the lowest WUE was exhibited by KCa-7 (0.53), KCa-4 (0.78) and KCa-6 (0.88) (Figure 3.5). 

Under 40% FC, high WUE was exhibited by KCa-14 (3.25), KCa-13 (2.85) and low WUE was exhibited in KCa-7 (0.45), KCa-8 

(0.60) (Figure 3.5).  

 

Figure 3.5 Water Use Efficiency (WUE) among twenty genotypes under varied water regimes. Values represented were mean ± 

SD. * indicates significant difference from other genotypes under the respective FC. 



 

46 
 

OBJECTIVE-1 

Average RWC among the genotypes decreased with increase in the intensity of drought stress (Figure 3.6). During100% 

FC, average RWC was revealed to be 81.45%, which was reduced by 0.32 folds (54.57%), when the genotypes were subjected 

60% FC. When genotypes were submitted to 40% FC, further mean RWC was decreased by 0.56 folds (35.46%) (Figure 3.6). 

Under 40% FC, high RWC was retained by KCa-1 (50.10%), following KCa-3 (48.08%) and KCa-4 (40.90%). Low RWC was 

retained by genotypes KCa-19 (17.65%), following KCa-5 (18.09%) and KCa-7 (18.32%) (Figure 3.6).  

 

Figure 3.6 Relative Water Content (RWC) among twenty genotypes under varied water regimes.  Values represented were mean ± 

SD. * indicates significant difference from other genotypes under the respective FC. 
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 Chilli genotypes revealed an average of 6.48 µg/g Wt proline content. With increase in drought intensity, there observed 

increase in proline accumulation (Figure 3.7). When genotypes were exposed to 60% FC, proline accumulation was amplified by 

11.68 folds (82.22 µg/g Wt) (Figure 3.7). Proline accumulation was further intensified by 29.33 folds (196.69 µg/g Wt). During 

severe stress, maximum amount of proline was accumulated by KCa-1 (228.70 µg/g Wt), thereupon by KCa-4 (226.66 µg/g Wt) 

and KCa-13 (224.25 µg/g Wt). Genotypes KCa-7 (169.95 µg/g Wt), following KCa-12 (173.86 µg/g Wt) and KCa-11 (174.59 

µg/g Wt) accumulated minimum amount of proline (Figure 3.7). 

 

Figure 3.7 Proline Content among twenty genotypes under Control, Moderate and Severe Drought Conditions. Values represented 

were mean ± SD. * indicates significant difference from other genotypes under the respective FC. 
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Average total chlorophyll content was found to be 13.90 mg/g FWt at 100% FC (Figure 3.8). It was lowered by 0.21 folds 

(10.93 mg/g FWt) and 0.64 folds (4.95 mg/g FWt) at 60% FC and 40% FC respectively (Figure 3.8). During moderate stress, 

highest amount of chlorophyll was present in KCa-8 (1.21 mg/g FWt) following KCa-5 (11.87 mg/g FWt), KCa-10 (11.76 mg/g 

FWt) and lowest amount of chlorophyll was present in KCa-18 (9.73 mg/g FWt) following KCa-19 (9.91 mg/g FWt) (Figure 3.8). 

In the period of severe stress, highest and lowest amount of chlorophyll was revealed in KCa-10 (5.87 mg/g FWt) and KCa-19 

(4.09 mg/g FWt) correspondingly (Figure 3.8).  

 

Figure 3.8 Total Chlorophyll among twenty genotypes at 100% FC, 60% FC and 40% FC. Values represented were mean ± SD. * 

indicates significant difference from other genotypes under the respective FC. 
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When chilli plants were grown at control conditions, average H2O2 accumulated in genotypes was found to be 167.89 

µmoles/g (Figure 3.9). It was intensified by 0.54 folds (259.67 µmoles/g), 0.29 folds (216.02 V) upon 60% FC and 40% FC 

respectively. Genotypes KCa-14 (317.80 µmoles/g), KCa-2 (317.23 µmoles/g) and genotypes KCa-4 (187.66 µmoles/g), KCa-5 

(203.61 µmoles/g) revealed high and low accumulation of H2O2 correspondingly during moderate stress (Figure 3.9). Upon severe 

stress, maximum accumulation of H2O2 was seen in KCa-14 (268.36 µmoles/g), KCa-1 (267.05 µmoles/g) and lowest 

accumulation was seen in KCa-2 (158.6 µmoles/g), KCa-4 (176.19 µmoles/g) (Figure 3.9).  

 

Figure 3.9 Hydrogen Peroxide among twenty genotypes under different water regimes. Values represented were mean ± SD. * 

indicates significant difference from other genotypes under the respective FC. 
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In chilli genotypes, average MDA accumulation was observed as 14.42 mMoles/g (Figure 3.10). MDA accumulation was 

observed to be intensified with augment in the intensity of drought stress. MDA accumulation was magnified by 3.75 folds and 

5.68 folds at 60% and 40% FC respectively (Figure 3.10). Upon moderate stress, KCa-7 (84.55 mMoles/g) and KCa-3 (35.54 

mMoles/g) showed maximum and minimum MDA accumulation. Genotypes KCa-2 (164.55 mMoles/g) and KCa-3 (52.64 

mMoles/g) revealed highest and lowest accumulation of MDA under severe stress (Figure 3.10).  

 

 

Figure 3.10 MDA accumulations among twenty genotypes under different water regimes. Values represented were mean ± SD. * 

indicates significant difference from other genotypes under the respective FC. 
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Mean ion leakage among the genotypes in 100% FC was very less (32.88%). Ion Leakage was intensified by 3.65 folds 

(152.97%) and by 4.24 folds (172.48%) upon 60 % FC and 40% FC respectively (Figure 3.11). Genotypes KCa-19 (191.31 %), 

KCa-7 (191.8%) exhibited high levels of ion leakage and genotypes KCa-3 (95.96%), KCa-4 (104.72%), KCa-1 (105.55%) 

exhibited low levels of ion leakage when submitted to 60% FC (Figure 3.11). While genotypes KCa-19 (229.87%), KCa-7 (223%) 

showed maximum ion leakage, genotypes KCa-3 (114.92%), KCa-1 (124.11%) showed minimum ion leakage when submitted to 

40% FC (Figure 3.11). 

 

Figure 3.11 Extent of Ion Leakage among twenty genotypes under different water regimes. Values represented were mean ± SD. * 

indicates significant difference from other genotypes under the respective FC. 
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In hot pepper genotypes, catalase activity ranged from 70.5 Units/mg protein to 95.5 Units/mg protein under 100% FC 

(Figure 3.12). When plants were presented with 60% FC, catalase activity was heightened by 0.58 folds and varied between 114 

Units/mg protein-164 Units/mg protein (Figure 3.12). Activity of catalase enzyme was further accelerated by 0.73 folds and varied 

between 96.5 Units/mg protein-180 Units/mg protein when chilli genotypes were presented with 40% FC. At moderate stress, 

KCa-10 (164.5 Units/mg protein) revealed highest catalase activity and KCa-4(114 Units/mg protein) revealed lowest catalase 

activity. At severe stress, genotypes KCa-14 (180.5 Units/mg protein), KCa-3 (173.5 Units/mg protein) and KCa-7 (96.5 Units/mg 

protein), KCa-19 (120 Units/mg protein) exhibited maximum & minimum catalase activities correspondingly (Figure 3.12).  

 

Figure 3.12 Catalase activities of Hot Pepper Genotypes. Values represented were mean ± SD. * indicates significant difference 

from other genotypes under the respective FC. 
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Mean SOD activity in pepper genotypes was 841.55 Units/mg protein under 100% FC (Figure 3.13). When genotypes were 

subjected to 60% FC, it was augmented by 0.04 folds (883.17 Units/mg protein), whereas at 40% FC, SOD activity was enhanced 

y 0.039 folds (874.8 Units/mg protein). Under control conditions, genotypes KCa-17 (973 Units/mg protein), KCa-11 (725 

Units/mg protein) revealed high and low SOD activities respectively (Figure 3.13). At severe stress, genotypes KCa-17 (1206 

Units/mg protein) and KCa-14 (813 Units/mg protein) exhibited high and least SOD activity correspondingly (Figure 3.13).  

 

Figure 3.13 Superoxide Dismutase activity among twenty genotypes under varied water regimes. Values represented were mean ± 

SD. * indicates significant difference from other genotypes under the respective FC. 
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Mean peroxidase activity among the pepper genotypes was 37.35 Units/mg protein (Figure 3.14), which was magnified by 

1.77 folds (103.62 Units/mg protein) and 2.04 folds (113.85 Units/mg protein) under 60% FC and 40% FC respectively (Figure 

3.14). Genotypes KCa-19 (134.5 Units/mg protein) and KCa-1 (84.5 Units/mg protein) revealed high & low POX activity when 

genotypes were exposed to 60% FC. At 40% FC, genotypes KCa-13 (136.5 Units/mg protein) & KCa-19 (84.5 Units/mg protein) 

showed maximum & minimum POX activity correspondingly (Figure 3.14). 

 

Figure 3.14 Peroxidase activities of Hot Pepper Genotypes. Values represented were mean ± SD. * indicates significant difference 

from other genotypes under the respective FC. 
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To screen hot pepper genotypes for drought tolerance, all twenty genotypes were 

subjected to different water regimes viz., 100%, 60% and 40% field capacities. A total of 14 

traits viz., Pn, Gs, E, Ci, WUE, Proline Content, RWC, Total Chlorophyll Content, H2O2, 

MDA, Ion Leakage, CAT, SOD and POX activities were assessed under all water regimes 

with three replications each. Data obtained was subjected to Two-way ANOVA to estimate 

the effect of treatment, genotype and interaction between genotype and environment (Table 

3.3). 

 

Table 3.3 Analysis of Variance (ANOVA) for Drought Tolerance Traits in Hot Pepper 

Source of Variation Genotype X Environment Genotype Treatment Replication Residual 

DF 38 19 2 40ns 80 

Pn 9.047**** 141.9**** 783.6**** 0.05501 ns 0.05194 

Gs 0.001408**** 0.01148**** 0.1603**** 0.1603 ns 0.0002403 

E 0.1927**** 3.197**** 25.67**** 0.006054 ns 0.005914 

Ci 214.6**** 1293**** 18649**** 3.222 ns 4.397 

WUE 0.5330**** 7.520**** 8.597**** 0.004505 ns 0.005730 

RWC 62.32**** 120.6**** 39854**** 2.656 ns 2.352 

Proline 381.1**** 854.3**** 550201**** 8.058 ns 6.847 

Chlorophyll 1.319**** 2.516**** 1243**** 0.1616 ns 0.1258 

H2O2 2076**** 5361**** 126558**** 3.835 ns 3.846 

MDA 963.6**** 2269**** 104193**** 2.972 ns 2.286 

Ion Leakage 1220**** 3929**** 342884**** 4.983 ns 5.922 

Catalase 613.8**** 312.3**** 42448**** 8.492 ns 7.14 

Superoxide Dismutase 3419**** 12647**** 19372**** 4.067 ns 3.292 

Peroxidase 378.0**** 287.1**** 68995**** 6.575 ns 5.475 

Data presented were Mean Square (MS) values. DF- degrees of freedom. The significance was displayed using 

asterisks. **** <0.0001, ns represents non significant. 
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The mean square (MS) values obtained due to genotype were greatly significant (P 

<0.0001) for physiological and biochemical parameters assessed indicating the occurrence of 

genetic variation in the studied genotypes. Mean square values obtained due to treatment also 

exhibited high significance (P <0.0001) emphasising the effect of intensity of drought stress 

on studied physiological and biochemical traits. Mean square values from genotype x 

treatment interaction also revealed high significance (P <0.0001), highlighting the fact that, 

effect of stress depends on both magnitude of stress and genotype involved.  

 

 

Figure 3.15 Pearson’s correlation among Drought Tolerance Traits at 40% FC 
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 Present study revealed significant correlations between studied physiological and 

biochemical traits (Figure 3.15). Significant positive correlations were found between Pn, Gs, 

E and WUE. A significant negative correlation among photosynthetic rate and sub-stomatal 

CO2 concentration was observed. A significant positive association was found between MDA 

content and Ion Leakage. Activities of SOD, CAT and peroxidase enzymes revealed a 

significant negative relationship with MDA and Ion Leakage (Figure 3.15).  

 Principal Component Analysis (PCA) plot was depicted in Figure 3.16. Among 

fourteen principal components (PCs) obtained, two PCs viz., PC1 and PC2 were used for 

analysis. PC1 and PC2 explained variability of 75.17 % and 15.19% respectively. Based on 

the effect of trait on genotype, interrelation between traits under stress conditions, and the 

similarities of genotype’s response, all twenty pepper genotypes were clustered into three 

groups viz., drought tolerant (KCa-1, KCa-3, KCa-13 and KCa-14), drought susceptible 

(KCa-19 and KCa-20) and moderately drought tolerant (KCa- 2, KCa-4, KCa-5, KCa-6, 

KCa-7, KCa-8, KCa-9, KCa-10, KCa-11, KCa-12, Kca-15, KCa-16, KCa-17 and KCa-18) 

genotypes.  
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Figure 3.16 Principal Component Analysis (PCA) under severe drought stress. Genotypes 

boxed in green were considered as drought tolerant, genotypes boxed in red were drought 

susceptible and genotypes in purple box were considered as moderately drought tolerant. 
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3.2.3 Yield and Drought Stress Indices 

 Present work evaluated the effect of water deficit conditions on chilli yield by 

determining total weight of green chilli under control and drought conditions. Results 

revealed significant detrimental effect of drought conditions on yield of pepper genotypes 

(Figure 3.17). When hot pepper genotypes were grown under control conditions, highest 

yield was observed in KCa-13 (17.80 t/ha green chilli) followed by KCa-14 (17.46 t/ha green 

chilli) and lowest yield was observed in KCa-17 (6.86 t/ha green chilli) followed by KCa-9 

(8.29 t/ha green chilli). Under water deficit conditions, with reduction in yield by 0.13 and 

0.25 folds, KCa-14 (15.18 t/ha green chilli) and KCa-1 (11.90 t/ha green chilli) showed 

highest yields respectively. Genotypes KCa-8 (0.81 t/ha green chilli) and KCa-10 (1.56 t/ha 

green chilli) revealed to produce lowest yield under water deficit conditions with a reduction 

in yield by 0.91 and 0.81 folds correspondingly. Based on yield under control conditions and 

water deficit conditions, nine drought stress indices were calculated (Table 3.4) for all the 

twenty hot pepper genotypes.  
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Figure 3.17 Yield of hot pepper genotypes under Control and Drought Conditions 
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Table 3.4 Drought Stress Indices of Twenty Hot Pepper Genotypes 

Genotype Yp Ys RC TOL MP GMP HM SSI STI YI YSI RSI 

Kca-1 15.8 11.9 24.68354 3.9 13.85 13.71204 13.57545 0.401536 1.081461 2.34252 0.753165 1.954892 

Kca-2 9.46 2.68 71.67019 6.78 6.07 5.035156 4.176738 1.165884 0.145825 0.527559 0.283298 0.73532 

Kca-3 13.15 8.89 32.39544 4.26 11.02 10.81219 10.6083 0.526988 0.67241 1.75 0.676046 1.754724 

Kca-4 13.08 9.44 27.82875 3.64 11.26 11.11194 10.96583 0.4527 0.71021 1.858268 0.721713 1.873256 

Kca-5 13.73 6.71 51.12891 7.02 10.22 9.598349 9.014511 0.831732 0.529907 1.320866 0.488711 1.268484 

Kca-6 16.36 2.99 81.72372 13.37 9.675 6.994026 5.055959 1.329428 0.281359 0.588583 0.182763 0.474374 

Kca-7 15.57 3.07 80.28259 12.5 9.32 6.913747 5.128745 1.305985 0.274937 0.604331 0.197174 0.511779 

Kca-8 11.74 2.52 78.53492 9.22 7.13 5.439191 4.149341 1.277555 0.170167 0.496063 0.214651 0.557141 

Kca-9 8.29 4.45 46.32087 3.84 6.37 6.073755 5.791287 0.753518 0.212188 0.875984 0.536791 1.39328 

Kca-10 9.81 1.56 84.09786 8.25 5.685 3.911982 2.691926 1.368049 0.088024 0.307087 0.159021 0.412751 

Kca-11 15.67 4.73 69.81493 10.94 10.2 8.609245 7.266578 1.135704 0.426321 0.931102 0.301851 0.783475 

Kca-12 15.51 3.03 80.46422 12.48 9.27 6.855312 5.069612 1.30894 0.270309 0.596457 0.195358 0.507065 

Kca-13 17.8 7.8 56.17978 10 12.8 11.78304 10.84688 0.913896 0.798585 1.535433 0.438202 1.137385 

Kca-14 17.46 15.18 13.05842 2.28 16.32 16.28014 16.24037 0.212426 1.524484 2.988189 0.869416 2.25663 

Kca-15 13.39 2.3 82.823 11.09 7.845 5.549504 3.925685 1.347311 0.177139 0.452756 0.17177 0.445841 

Kca-16 12.96 2.7 79.16667 10.26 7.83 5.915404 4.468966 1.287832 0.201268 0.531496 0.208333 0.540744 

Kca-17 6.86 3.62 47.23032 3.24 5.24 4.983292 4.73916 0.768312 0.142837 0.712598 0.527697 1.369674 

Kca-18 9.13 0.81 91.12815 8.32 4.97 2.71943 1.487988 1.482413 0.042537 0.159449 0.088719 0.230275 

Kca-19 15.62 2.5 83.99488 13.12 9.06 6.249 4.310155 1.366374 0.224609 0.492126 0.160051 0.415424 

Kca-20 12.32 4.72 61.68831 7.6 8.52 7.625641 6.825164 1.003505 0.334472 0.929134 0.383117 0.994407 
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Chilli genotypes were grouped into four clusters depending on their yield at stress 

and non-stress conditions based on Fernandez’s theory [166].  Group-A encompassed 

KCa-1 and KCa-14 as they maintained relatively uniform performance in both control 

and stress environments. Genotypes KCa-3, 4, 5, 6, 7, 8, 15, 16, 19 and KCa-20 were 

grouped into Group-B, as they showed high yield performance under non-stress 

conditions. Genotyped KCa-2, 9, 10, 17 and KCa-18 were grouped into Group-D as they 

revealed low performance under both control and stress conditions. Among the studied 

pepper genotypes, none of them were clustered into Group-C which represents high 

performance under stress conditions.  
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3.3. Discussion of Results 

3.3.1. Seed Antioxidant Potential 

 When faced with stress conditions, plants undergo several physiological, 

morphological, molecular and biochemical changes. Plants respond differently and the 

response often depends on stress duration, stress magnitude, plant growth phase during 

which stress occurs and the genetic constitution of plant. Changes that take place in plant 

enable plants to escape or avoid or tolerate stress. Although many defensive frameworks 

are housekeeping and become stimulated under unfavourable conditions, seed selective 

defensive mechanisms are of paramount importance during establishment of seedling. 

Seedling’s establishment and growth becomes a decisive factor in the growth during 

vegetative phase which emphasise the significance of seed traits in plant growth [167]. 

This reiterates the influence of seed tolerance traits on stress tolerance at vegetative stage.  

Oxidative stress is one of the complex phenomena that manifest itself due to every 

biotic or abiotic stress in plants. Plants being obligate aerobes contain higher amounts of 

oxygen in comparison to animals. Under stress conditions, plant cells experience 

substantial oxidative stress due to production and accumulation of ROS. Furthermore, 

because of the presence of innate oxygen metabolism, plants are likely to generate large 

amounts of ROS [168]. Augmented production and accumulation of ROS disrupts redox 

state of the plant cell which in turn affects metabolic and signalling pathways. To 

counterattack the negative impacts of altered redox state in the cell, plants have a non-

enzymatic and enzymatic antioxidant protective mechanism that balances excessive ROS 

production and accumulation. Antioxidant defense system alleviates oxidative stress by 

scavenging ROS, thus shielding cells against negative effects of oxidative stress [169].  

 Efficacy and effectiveness of antioxidant system in seeds determine stress 

tolerance in plants. Considering the fact that, seed traits influence and govern the growth 

and establishment at vegetative phase, we hypothesized that, seeds which possess greater 

antioxidant potential would carry biochemical traits that would allow plantlets to survive 

and thrive during adverse conditions. For this reason, the current research intended on 

determining antioxidant potential of seeds of twenty chilli genotypes. With ability to 

scavenge ROS, phenolic compounds are efficacious antioxidants. They maintain balance  
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between production and removal of ROS in plants thus safeguarding cells. Non-

enzymatic antioxidant potential of plants is mainly attributed to phenolic compounds 

[170]. In the present work, genotypes (KCa-3 and KCa-6) which reported high TPC 

content revealed high DPPH radical scavenging activity. In addition, KCa-19 which 

revealed low phenolic content exhibited low radical removal activity. These results 

indicated presence of strong positive correlation between phenolic compounds and 

antioxidant potential. Our results were in accordance with Wangcharoen and Morasuk 

[171]. Also, according to Verma et al., [172] and Esmaeili et al., [173], seed antioxidant 

ability is positively associated with phenolic compounds. In contradiction, KCa-2, KCa-1 

genotypes exhibiting high and low phenolic compounds revealed low and high 

scavenging activity respectively. This might be on the account of fact that, entire 

antioxidant capability of the plant does not rely on only phenolic compounds. Antioxidant 

capacity is also attributed to other cellular compounds. Ascorbic content, proline, flavaoid 

components are known to contribute to antioxidant capacity [174]. In addition to non-

enzymatic compounds, enzymatic components also contribute in reducing ROS by 

scavenging [175].  

Increased production and thereby accumulation of proline content is implicated to 

be one of the efficient strategies deployed by plants to counterstrike the effects of stress. 

By drawing extracellular water, osmolyte proline aids in maintaining cell turgor which 

enables the plant’s survival during water deficit. In accordance to Farooq et al., [176], 

osmolyte production is often augmented to maintain osmo-regulation in the cell by 

alleviating cytoplasmic acidosis. In addition to being an osmolyte, proline also acts as a 

molecular chaperon, which facilitates stabilization of proteins under stress conditions. 

Proline accumulation under salinity [177, 178], low temperature, drought [179] and heavy 

metal exposure [180] was reported. Keeping in view the eminent role of proline under 

stress conditions, we hypothesised those genotypes which showed high proline content in 

seeds (KCa-3 and KCa-6) would display drought tolerance.  

Within the cell, altered redox state leads to the accumulation of H2O2. Although, 

H2O2 acts as signalling molecule in metabolic pathways, higher amounts of H2O2 in the 

cell negatively affects metabolism. One of the most familiar effects of increase 

accumulation of hydrogen peroxide is lipid peroxidation. Lipid peroxidation leads to 

formation of many products and MDA is one of them. According to Moller et al., (2007),  



 

65 
 

OBJECTIVE-1 

determining MDA would reveal extent of lipid peroxidation. Hence, the current work 

hypothesised seeds that accumulated lesser amount of MDA and H2O2 would be 

containing tolerance mechanism which resulted in less lipid peroxidation. Genotypes 

KCa-3, 6 which revealed low amounts of H2O2 also exhibited low levels of MDA. Results 

from the study revealed a significant positive correlation between H2O2 accumulation and 

MDA levels. Our results were in line with Yang and Miao [181] who reported 

corresponding increase of MDA and H2O2. Interestingly, the same genotypes exhibited 

high levels of phenolic and proline components. These results would suggest that, 

because of the presence of potent antioxidant mechanisms, KCa-3 and KCa-6 might have 

reduced ROS accumulation and thereby minimized lipid peroxidation. Lower lipid 

peroxidation as a result of minimal accumulation of ROS was reported in Cerasus humilis 

[182].  

 

3.3.2. Drought Tolerance Traits and Yield Performance 

 Limited water or water deficit is anticipated to intensify in amplitude, duration 

and frequency in coming years due to rapid climate changes especially in Asia, Central 

America, South America and Africa [183]. Limited water availability constrains the plant 

growth by potentially reducing growth. In response to drought, even plants produce array 

of changes such as reducing leaf area, mediating stomatal closure, decreasing 

photosynthesis, respiration, growth and protein metabolism, altering assimilate 

partitioning [184-186].  Plant’s tolerance or susceptibility depends not only on the type of 

mechanisms that plant deploy, but also on the magnitude of stress, plant species, genetic 

constitution, development stage of plant, duration of stress and interaction with additional 

stress components [187]. These factors often make plant’s responses highly complex. For 

this reason, current work researched drought induced changes in twenty Capsicum 

annuum genotypes under two water regimes at vegetative phase.  

 Photosynthesis, a vital process of plant metabolism determines plant’s growth and 

productivity [188]. Drought induced effect on photosynthetic rate was studied in the 

present work. Reduction in net photosynthetic rate was observed in all genotypes during 

both 60% and 40% field capacities. Decrease in photosynthetic rate upon the exposure of 

plants to drought was reported in mulberry [105], maize [189], Polygala mytrifolia and 

Viburmum tinus [190]. 
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Decreased photosynthetic rate under water deficit conditions is often attributable 

to decreased stomatal conductance and increased leaf resistance to diffusion of CO2 [191]. 

Although all the genotypes reduced their photosynthetic rate, genotypes KCa-1, KCa-3 

and KCa-14 maintained relatively higher photosynthetic rates in both drought intensities. 

Different genotypes respond to drought diversely.  Present results specified that KCa-1, 

KCa-3 and KCa-14 were less susceptible to drought in comparison to KCa-7 as 

photosynthetic rate was relatively higher in KCa-1, 3 and 14 under drought conditions. 

This might be due to higher adaptability of the genotypes. Reduction in photosynthetic 

rate is because of reduced stomatal conductance in drought tolerant genotypes while 

photosynthetic rate is reduced because of impairment caused to drought susceptible plants 

[192]. 
Stomata are significant gateways for passage of gas and water in plants because of 

which, stomatal conductance plays an indispensible role in regulation of photosynthetic 

rate and transpiration. Present work revealed significant reduction of stomatal 

conductance under moderate and severe stress. Minimized stomatal conductance induced 

by drought has been reported in wheat [193]. mulberry [105] and maize [194] genotypes. 

Because of limited water availability, plants incline to partially shut stomata to reduce 

transpiration but inevitably reduces influx of CO2 which ultimately reducing 

photosynthetic rate [188]. Present study exhibited strong correlation between 

photosynthetic rate and stomatal conductance in KCa-3, KCa-4, KCa-1 and KCa-14 

genotypes in which relatively high Gs under drought conditions enabled them to maintain 

relatively higher photosynthetic rates.  Increase and decrease in Pn and Gs was found to be 

parallel in Robinia pseudoacacia and Amorpha fruticosa [195], alfalfa [196], Panicum 

virgatum [59]. But, in few genotypes viz., KCa-6 and KCa-7, though stomatal 

conductance did not decline drastically, photosynthetic rate was reduced significantly 

under severe stress. In genotypes KCa-2 and KCa-8, although stomatal conductance was 

high, photosynthetic rate was reduced under severe drought conditions. These results 

indicated role of non-stomatal limitations on photosynthetic rate in the present work. 

According to Mafakheri et al., [197], lowered photosynthetic rate could be implicated to 

stomatal and non-stomatal (decreased RuBisCO enzyme activity, impaired chloroplast, 

mesophyll resistance) factors.  
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With the help of stomata, CO2 diffuses into the stomatal cavity. Carbon dioxide 

diffusion from sub-stomatal cavities to carboxylation site is referred to as mesophyll 

conductance (gm) [198]. As, CO2 diffusion pathway through mesophyll does not share 

with transpiration, increased gm increases photosynthetic rate without increasing 

transpiration [199, 200]. But in the current work, there observed a significant 

intensification in Ci levels, emphasising the effect of drought on mesophyll conductance 

in hot pepper genotypes. Many studies reported drought induced reduction in mesophyll 

conductance [201, 202]. Movement of CO2 through liquid phase becomes a limiting 

factor in mesophyll in numerous plant species [203, 204]. Reduction of photosynthetic 

rate due to reducing mesophyll conductance and increased Ci was reported in apple [205] 

and Phaseolus vulgaris [206]. Water Use Efficiency was reduced in all genotypes under 

drought stress. Drought induced WUE reduction was reported in wheat [207]. WUE is a 

complex trait and to gain better understanding, WUE should be investigated not only at 

leaf level, but also at plant and canopy levels [208].  

  Understanding water relation determinants at cellular and whole plant level is 

prerequisite for evaluation of drought tolerance among genotypes. Among several water 

relation components, evaluating relative water content precisely determines water status 

in plants. Hence the present investigation determined RWC across the genotypes under 

control and drought stress. No significant variation in RWC among the genotypes was 

observed when grown under control conditions Present results revealed significant 

decrease in RWC of all genotypes and the decrease was elevated with increase in the 

magnitude of stress. Results were in line with Madhusudhan et al., [209], who reported 

reduced RWC with increasing drought intensity in groundnut genotypes. In the present 

work, KCa-3 and KCa- 13 which retained high RWC, revealed higher photosynthetic 

rate, indicating a positive association between hydrated leaves and photosynthetic rate. 

But, KCa-1 which retained less RWC, at severe stress, still maintained higher 

photosynthetic rate. This might be due to drought tolerance ability of KCa-1 genotype 

that enabled it to sustain lower water content in tissues.  

 In response to drought stress, plants frequently accumulate solutes in large 

concentration especially amino acids [210]. In addition to being a component of proteins, 

amino acids play an active role in plant development and metabolism. Among different 

amino acids, accumulation of proline is highly associated with plant stress [211]. Apart 
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from the fact that proline acts as an osmolyte, proline also acts as signalling and 

antioxidative molecule which further imparts tolerance to cell by sustaining cell turgor 

and by scavenging ROS. Keeping in view the importance of proline accumulation under 

drought stress, present work evaluated proline concentration in hot pepper genotypes 

under control and drought conditions. In the current investigation, proline accumulation 

increased in all genotypes and the accumulation was augmented with increase in the 

magnitude of drought stress. Significant increase in proline accumulation was reported in 

leaves of Periploca sepium under drought conditions [212]. Yet, correlation between 

drought stress tolerance and proline accumulation is not perceived always. In both 

drought tolerant and susceptible genotypes, proline was observed to be accumulated 

[213]. Nevertheless many studies reported role of proline accumulation in imparting 

tolerance under stress [214, 215].  

Drought stress often results in increased permeability of cell membrane resulting 

in loss of membrane integrity [216]. Therefore, evaluation of ion leakage would estimate 

cell membrane integrity of plants under stress conditions. Hence, the present work 

evaluated percentage of ion leakage in leaves. Findings showed increased ion leakage in 

all genotypes under drought stress. Loss of membrane integrity resulting in increased ion 

leakage under progressive drought was reported in tobacco genotypes [217]. There 

observed a significant negative correlation between RWC and ion leakage. Genotypes 

KCa-7 and 19 which retained less RWC, exhibited high ion leakage suggesting the loss of 

cell membrane integrity because of loss of water in cells. Further, KCa-1 that 

accumulated higher amounts of proline, revealed less ion leakage indicating the role of 

proline in maintaining cell turgor and cell membrane integrity. Increased ion leakage in 

KCa-7 and KCa-19 might be because of their drought susceptibility. Oxidative stress is 

one of the complex phenomena that follow drought stress. During oxidative stress, rodox 

balance of the cell is disrupted as equilibrium between production and scavenging of ROS 

is interrupted. According to Anjum et al., [218], altered redox state leads to cellular 

damage. Increased ROS leads to oxidation of lipids and MDA is one of the significant by-

products of the lipid peroxidation. Hence, determining the levels of MDA is best tool to 

evaluate injury induced by abiotic stress [219]. To determine drought induced damage 

occurred to hot pepper genotypes, accumulation of MDA levels were estimated. Present 

findings revealed increased lipid peroxidation in leaves with increased drought stress. 
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Genotypes (KCa-7, KCa-6, KCa-2 and KCa-19) which showed high MDA levels indicate 

increased lipid peroxidation which further signified their susceptibility to drought stress. 

While the genotypes (KCa-3) with relatively less lipid peroxidation accumulated low 

levels of MDA indicating their tolerance towards drought. Lower MDA content in 

drought tolerant genotypes was reported in Phaseolous [220].  

Among multivariate methods, principal component analysis (PCA) is widely and 

frequently used statistical tools to comprehend the relationships between different 

variables and to visualise the complex data in a precise and simple fashion. Further, K-

means clustering method is highly useful to cluster the elements into groups based on 

their similarities. Current work focussed at understanding the interrelationships between 

different physiological and biochemical traits and their effect on genotypes under drought 

stress. Based on the genotypic variations of hot pepper genotypes for traits and 

associations between traits, all hot pepper genotypes were divided into three clusters viz., 

drought tolerant genotypes, drought susceptible genotypes and moderately drought 

tolerant genotypes. Clustering of cultivars and visualisation of datasets using PCA 

analysis has been reported in rice cultivars [221]. 

Rapidly changing environment has raised intensity and frequency of drought 

stress. Determining the effect of drought on yield becomes indispensible to develop high 

yielding drought tolerant genotypes [222]. Only when deeper comprehension of the 

correlations among yield and other selection criteria was gained, breeding programs can 

become efficient. Also, assessing drought tolerance in genotypes also becomes 

indispensible [223, 224].  

Several drought stress indices were formulated to select tolerant genotypes [165]. 

In the present work, all the genotypes were evaluated with drought stress indices and 

based on yield; genotypes were classified into four groups according to Fernandez’s 

theory [166]. From the classification, genotypes KCa-1 and KCa-14 were clustered into 

group-A and were considered drought tolerant as both genotypes exhibited more or less 

same performance under both control and water deficit conditions.  According to Clarke 

et al., [225], screening for tolerance is based on high performance of genotype under both 

stressed and non-stressed conditions.  
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Genotypes were classified into three groups based on the biochemical, 

physiological parameters studied when genotypes were subjected to drought stress at 

vegetative phase using K-Means Clustering method following PCA and the same 

genotypes were classified into four groups based on the effect of drought stress on yield. 

As variables against which genotypes were measured were different, grouping was 

different. Yet, among the genotypes which were identified as drought tolerant (KCa-1, 3, 

13 and 14) in vegetative phase, only two genotypes (KCa- 1 and 14) maintained relatively 

uniform performance in both control and stress environments. As drought tolerance is a 

quantitative trait which is governed by several drought tolerance traits. A genotype can be 

considered tolerant when it carries many tolerance traits. Further, as chilli is grown for 

fruit, genotypes which can maintain vegetative growth under drought and maintain 

minimal loss of yield under drought should be considered as drought tolerant. Hence, in 

the present study, KCa-1 and KCa-14 were considered as drought tolerant genotypes. 

 

 

 

 

 

 



 

71 
 

 

 

 

 

CHAPTER 4 

OBJECTIVE-2 

  

 

 

 

 

 

 

 

 

 

 



 

72 
 

OBJECTIVE-2 

4.1. Materials and Methods 

4.1.1. Identification of Capsicum annuum Aquaporin (CaAQP) Genes 

Capsicum annuum cultivar CM334 (CM334 v1.55, annotation 

GCA_000512255.2) genome database was explored in the present work. Major Intrinsic 

Protein (MIP) domain’s (PF00230) Hidden Markov Model (HMM) was employed to 

search Capsicum annuum CM334 genome database in Sol Genomics Network 

(https://solgenomics.net/) [226, 227]. Also, Kyoto Encyclopedia of Genes and Genomes 

(KEGG) orthology lables viz., K09875 (aquaporin SIP), K09874 (aquaporin NIP), 

K09873 (aquaporin TIP), K09872 (aquaporin PIP) [228] and reported AQP sequences 

from Arabidopsis thaliana, Solanum lycopersicum, Solanum tuberosum, Oryza sativa, 

Nicotiana tobaccum, Vitis vinifera, Zea mays, Beta vulgaris, Triticum aestivum and 

Brassica napus were employed as query sequences to explore aquaporin genes in 

Capsicum annuum genome database using BLASTp tool provided in sol genomics 

network with 50% identity and E-value of 1E-05 as thresholds. Results obtained using 

aforementioned strategies were integrated and unique proteins were identified to remove 

any redundancy. All obtained non-redundant protein sequences were reiteratively 

analysed using Pfam (https://pfam.xfam.org/) and SMART (http://smart.embl-

heidelberg.de/) for the ubiquity of MIP domain. 

 

4.1.2. Phylogenetic Analysis of Putative CaAQPs 

 Deduced putative CaAQP proteins were subjected to multiple sequence alignment 

with AQPs from known plant species (Solanum tuberosum, Solanum lycopersicum, 

Arabidopsis thaliana, Hevea brasiliensis, Musa acumninate, Dianthus caryophyllus and 

Beta vulgaris) using Multiple Sequence Comparison by Log- Expectation (MUSCLE) 

[229], phylogenetic analysis was performed and dendogram was constructed employing 

MEGA X [230] with Neighbor- Joining (NJ) method and the image was generated using 

iTOL (https://itol.embl.de/) [231]. The credibility of the branches in generated tree was 

accredited with 1,000 bootstrap re-samplings. Based on the classification described by 

Lopez et al., [232], CaAQPs were divided into sub famililies- NIPs, TIPs, PIPs, XIPs and 

SIPs. 

 

 

https://solgenomics.net/
https://pfam.xfam.org/
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
https://itol.embl.de/
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4.1.3. Analysis of CaAQPs Physio-Chemical Properties, Sub-Cellular Localisation, 

Transmembrane Regions and Motif Organisation 

 Various physio-chemical properties of CaAQP proteins were evaluated using 

ProtParam tool (https://web.expasy.org/protparam/). The subcellular localisation was 

determined using WoLF PSORT (https://www.genscript.com/wolf-psort.html) (Horton et 

al. 2007), Cello v.2.5 (http://cello.life.nctu.edu.tw/) [233], Plant-mPLoc 

(http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/#) [234]. Number of transmembrane 

regions was identified using HMMTOP (http://www.enzim.hu/hmmtop/) [235], 

TMHMM (http://www.cbs.dtu.dk/services/TMHMM/) [236], TOPCONS 

(http://topcons.cbr.su.se/) [237] and TMPRED 

(https://embnet.vitalit.ch/software/TMPRED_form.html) [238]. Functional prediction of 

CaAQPs was accomplished based on the presence of dual NPA motifs, ar/R filter (H2, 

H5, LE1 and LE2) and Froger’s positions (P1-P5), which were inferred based upon 

multiple sequence alignment between CaAQP proteins and AQPs from Solanum 

lycopersicum (SlAQPs). Missing NPA residues, ar/R filter residues and Froger’s positions 

were manually searched and confirmed. Specificity Determining Positions (SDP1-SDP9) 

were predicted from alignments with the structure resolved Spinacia oleracea PIP2;1 and 

functionally characterized AQPs [27, 86]. Protein motifs of CaAQPs were analysed using 

MEME software (http://meme-suite.org/tools/meme) with the maximum number of 

motifs being 10 and other parameters set at default values. By generating similarity 

matrix using SIAS tool available on the Immunomedicine Group 

(http://imed.med.ucm.es/Tools/), percentage of similarity among CaAQPs within a 

subfamily and between subfamilies was estimated. 

 

4.1.4 Analysis of Gene structure and Promoter sequences of CaAQPs 

 Full length gene sequences and coding gene sequences (CDS) corresponding to 

deduced putative CaAQPs were retrieved from sol genomics database. Chromosomal 

distribution of CaAQPs was determined. Exon-intron structure was deduced by GSDS 

v.2.0 (http://gsds.cbi.pku.edu.cn/) [239]. To know stress responsive, cis acting regulatory 

elements (MYBS, DRE/CRT, ABRE and LTRE), one kb upstream region from CaAQP 

genes was extracted and analysed in PLACE database [240]. 

 

https://web.expasy.org/protparam/
https://www.genscript.com/wolf-psort.html
http://cello.life.nctu.edu.tw/
http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/
http://www.cbs.dtu.dk/services/TMHMM/
http://topcons.cbr.su.se/
https://embnet.vital-it.ch/software/TMPRED_form.html
http://meme-suite.org/tools/meme
http://imed.med.ucm.es/Tools/
http://gsds.cbi.pku.edu.cn/
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4.1.5. Analysis of Selection Pressure in CaAQP genes 

 Non-synonymous and synonymous substitutions ratio (Ka/Ks ratio) was estimated 

within each pair of genes to understand possible evolutionary forces and to determine the 

selection pressure acting on CaAQP genes. CaAQP proteins were aligned using ClustalW 

and the alignments along with respective cDNA sequences were submitted to to 

PAL2NAL (http://www.bork.embl.de/pal2nal/) [241], which calculated Ka/Ks ratio. 

 

4.1.6 Tertiary Protein Structure Prediction 

 As a final quality check, CaAQP protein sequences were acquiesced to protein 

modelling server Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) 

[242] for the construction of 3D models of proteins. Only those models were considered 

which have single highest scoring template. Generated PDB files, containing 3D 

structures were submitted to PoreWalker server for the prediction of tertiary protein 

structure (http://www.ebi.ac.uk/thornton-srv/software/PoreWalker/) [243]. 

 

4.1.7 Plant Material and Growth Conditions 

Drought tolerant (KCa-1; Super-10) and susceptible (KCa-19; Super-02) pepper 

genotypes were subjected to control conditions (100% FC) and drought conditions (40% 

FC) for one week using gravimetric method.  

 

4.1.8. RNA Extraction 

 At the end of the treatment, leaves and roots were harvested from control and 

droughted plants of both genotypes into pre-cooled motor and immediately ground to fine 

powder using liquid nitrogen. To this powder, 1000µl of buffer (Phenol- 38%, Guanidine 

thiocyanate- 0.8 M, Ammonium thiocyanate- 0.4 M, Sodium acetate- 0.1 M (pH-5.5), 

Glycerol- 5%) was added for further homogenisation and the contents were poured into 

1.5 ml microcentrifuge tubes and mixed thoroughly to make an uniform, smooth and 

creamy textured suspension. Contents were centrifuged at 12,000 rpm for 10 min at 4o C 

(Thermo Fisher Scientific MicroCL 21R Microcentrifuge). After the centrifugation, 

supernatant was transferred into 2 ml microcentrifuge tube and chloroform of equal 

aliquots was added. 

 

http://www.bork.embl.de/pal2nal/
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://www.ebi.ac.uk/thornton-srv/software/PoreWalker/
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Contents were then centrifuged at 12,000 rpm for 10 min at 4o C. Upper layer was 

then transferred to a 1.5 ml microcentrifuge tube. To this solution, 2/3rd of ice cold 

isoproponal and 100 µl NaCl (1.5 M) was added, mixed and incubated for 5 min at 4o C. 

Immediately; the contents were centrifuged for 10 min at 12,000 rpm under 4o C and the 

supernatant was discarded. Pellet was washed with 70% ethanol and air dried at room 

temperature. Pellet was then suspended into DEPEC treated water. To eliminate genomic 

DNA contamination, treatment of DNase I (RNase free) (Takara- cat # 2270B) was given 

to RNA samples. RNA sample’s integrity and purity was estimated by agarose gel (1.5%) 

electrophoresis analysis and absorbance ratios at A260/A230 and A260/280  in UV-Visible 

Spectrophotometer (Eppendorf BioSpectrometer, Epperndorf AG, Germany) respectively. 

RNA was normalized to 3 µg/ml to acquire uniformity.  

 

4.1.9. RT- qPCR 

From 3 μg of RNA, cDNA was synthesised using prime script 1st strand cDNA 

synthesis kit (Takara- cat # 6110A.). Expression profiles of CaAQP genes were analysed 

using reverse transcription quantitative PCR (RT-qPCR) (QuantStudio3-Applied 

Biosystems). IDT’s PrimerQuest online tool was used to design CaAQP gene primers.  

(Table 4.1). Reactions were performed in 96-Well Reaction Plates roofed with Optical 

Adhesive Film (Applied Biosystems). Each reaction mixture constituted a total volume of 

12 μl (cDNA- 2 μl, Sybr Green- 6 μl,  Forward Primer and Reverse Primer- 1 μl each, 

DEPEC treated water- 2 μl). To normalize the raw data, Ubiquitin-Conjugating protein 

(UBI-3) reference gene (Wan et al. 2011) was used. Manually, thresholds and baseline 

were incorporated and software calculated CT values. Efficiency of RT-qPCR reaction 

was determined by conducting serial dilutions of pooled cDNA followed by developing 

standard curve from serially diluted cDNA. Between samples, relative gene expression 

was evaluated using 2−ΔΔCT method [244] and this method assumes 100% PCR efficiency. 

Amplified products were loaded on 2% agarose gel and genes which displayed single 

band of expected amplicon size were regarded as precise amplification [245]. 
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Table 4.1 List of CaAQP Gene Primers used for Gene Expression Studies 

S.No CaAQP Forward Primer 
 

Reverse Primer 
 

1 CaNIP1;1 TCAGTAGTGGTGAATGCAGATAAA GCAAGTGGCAAAGGCAATAG 
2 CaNIP1;2 TCTATGGGTTTACTTGTTAGGC GGCCTAACAAGTAAACCCATAGA 
3 CaNIP3;1 CGTTGTCACACTACCTGGAAT CAATGGTAACAGCAGGGTTAAAG 
4 CaNIP4;1 CACGTATCGGGTGGTCATTT GACCCTGTTACCTGAGCTATTATG 
5 CaNIP4;2 CAGGGATATGTGTGACATGGG GACGGAAGAGGGTGAAAGTAATAG 
6 CaNIP4;5 GCCAGTATCAGGAGCATCAA GCCCAACTATGTAAACCCAAAG 
7 CaNIP4;6 GGAGAACTCACTGGACTTGTTAT CAAACTTCTTGCGGGATTCATT 
8 CaNIP6;1 GACCGTCATGCTCAACATACT CTTGTAGTTTCCTGCTGCTACT 
9 CaNIP7;1 GAACCCAGCCAGGTCTTTAG CTCCTGCAACAGCTCCTATAAT 
10 CaPIP1;1 GGCCTGGACGCTGAAATAA CAAGACTCCTAACTGGGTTGATAC 
11 CaPIP1;2 GGATTTGCGGTGTTCCTAGT TGCGGGTTCCTTGTTATAGATG 
12 CaPIP1;3 AGAGACTCCCATGTCCCTATT TAATGCCAGTGCCTGTGATAG 
13 CaPIP1;4 CGGTGTTCTTGGTTCATTTGG AGCTTGGTCTTGGTTGAAGAT 
14 CaPIP1;5 GTATCTCAGGAGGACACATCAAC CCAAGGCACTGCATCACTAT 
15 CaPIP2;2 ATAGCACGGGTACTGGTTTG GAGTCTCTGGCGTTTCTCTTAG 
16 CaPIP2;3 TGGCCACCATCCCAATTAC CCATTGGTCCAACCCAGAATA 
17 CaPIP2;4 TGTGGTGGTGTTGGTATTCTT GGGTTAATGTGTCCTCCAGAAA 
18 CaPIP2;5 GATGGTGTTGGTATTCTTGGTATTG TGTCACTGCTGGGTTAATATGT 
19 CaPIP2;6 ATAGCACGGGTACTGGTTTG GAGTCTCTGGCGTTTCTCTTAG 
20 CaPIP2;7 TGGTTCACTTAGCCACCATAC CGCCTTGTCACCATTGTAAATAA 
21 CaPIP2;8 GTCTTGGCACCACTTCCTATT AAACTACGAGCCGGGTTAATAC 
22 CaTIP1;2 CTTGGGTGGTGGACTTCTTT CGAATGGACCGAGCCAATAA 
23 CaTIP1;4 AGCAATGAACCCTGCTATGG AATGGTAGCACCCACGAATG 
24 CaTIP1;6 CCTTTCTGGGAGGTCACATTT GCAATCTTGAGGAGGAAGAGAG 
25 CaTIP1;7 AGCAATGAACCCTGCTATGG CGAATGGACCGAACCAGTAAA 
26 CaTIP1;8 CCTTTCTGGGAGGTCACATTT GCAATCTTGAGGAGGAAGAGAG 
27 CaTIP1;10 CCAAAGAGACAACCGCTATGA GTTCACATGACCTCCCGATATG 
28 CaTIP1;11 GGCTGATTTGGGAGGCAATA CCAAATGTGACAGCAGGATTTAC 
29 CaTIP1;12 GCGGTTGGTGCTAACATTTC AAGCAATTGAGCAACCCAATAC 
30 CaTIP1;13 TGCTTGCTCCTCAAGTATTCC GCCCAAATGTCGTCACTATCT 
31 CaTIP2;1 TTAACCCTGCTGTCACCTTC GAGGAGGATGCAAGCTACAA 
32 CaTIP2;2 GCTCTCTTTGTGGCTGTTTCT GTCCGGTAAGGATGGTGATTTG 
33 CaTIP2;3 TGAACCCAGCTCGATCATTT CCATAAATAAACCCGGCCAATC 
34 CaTIP3;1 GTCCTTGTAGGTGGTCCTTTC TCCTCCATCTCCAGCCTATAA 
35 CaTIP3;2 GCGCATGCTTTATCGCTATTT AGGTAACAGCTGGGTTGATG 
36 CaTIP4;1 GAGATCCACTGGTGAGCTTATT AGTGTAACAGCAGGGTTGAG 
37 CaTIP5;1 GGGATCTATGAACCCTGCTTAC TGCAGGGAAGACCACATTATC 
38 CaSIP1;1 CCTCTTCATCACCACCCTTATT TCCAAGACCAGCAGCATAAA 
39 CaXIP1;1 GGCCATGTCACTGTATTGTCTA GAAACACCTAGCCGGATTCA 
40 CaXIP1;2 GGCAGGCATTCTTGTGTTTATT AGCACCTAGCTGGATTCATTC 
41 UBI-3 TGTCCATCTGCTCTCTGTTG CACCCCAAGCACAATAAGAC 



 

77 
 

OBJECTIVE-2 

4.1.10. Statistical Analysis 

 Independent biological replicates (3) each with technical replicates (3) were 

maintained for four samples viz., control and stressed KCa-1 and control and stressed 

KCa-19. Data was represented as mean ± standard deviation. Heatmap depicting relative 

gene expression was actualised using Heatmapper (http://heatmapper.ca/) [246]. For an 

individual CaAQP, a significant difference between two genotypes was determined by 

performing two-way ANOVA. Multiple comparisons were analysed using Sidak’s 

multiple comparison post hoc test (p=0.05) using GraphPad Prism version 8.4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://heatmapper.ca/
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4.2. Results 

4.2.1. CaAQP’s Identification, Phylogenetic Analysis, Sturctural and Physio-

Chemical Properties of CaAQPs 

 Integrating all strategies used to identify CaAQPs in pepper database, a total of 50 

non-redundant protein sequences retrieved from pepper database were assigned as 

putative AQPs. Conserved domain analysis revealed that all putative CaAQPs contained 

MIP domain which represend AQP family. Based on the phylogenetic analysis, CaAQPs 

were clustered into five subfamilies viz., 13 CaPIPs, 11 CaNIPs, 22 CaTIPs, 2 CaSIPs 

and 2 CaXIPs (Figure 4.1). The CaPIP subfamily was divided into two subgroups (five 

PIP1s and eight PIP2s). Pepper NIP subfamily was branched into five subgroups (two 

NIP1s, one NIP3, six NIP4s, one NIP6 and one NIP7). The CaTIP subfamily divided into 

three subgroups (fifteen TIP1s, three TIP2s, two TIP3s, one TIP4 and one TIP5). Both 

CaXIP and CaSIP subfamilies were divided into one subgroup each (two XIP1s and two 

SIP1s). Sub-cellular localisation and the number of TM regions in CaAQPs were 

tabulated in Table 4.2. 
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Figure 4.1 Phylogenetic Analysis of CaAQPs with known AQPs. 

- Arabidopsis thaliana (At), - Hevea brasiliensis (Hb), - Musa acuminate (Ma), 

- Solanum tuberosum (St), - Beta vulgaris( Bv), 

 - Dianthus caryophyllus (Dca), 

- Solanum lycopersicum(Sl), - Capsicum annuum (Ca) 
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In twelve CaAQPs (CaNIP4;3, CaNIP4;4, CaNIP7;1, CaPIP2;1, CaPIP2;7, 

CaTIP1;1, CaTIP1;3, CaTIP1;5, CaTIP1;9, CaTIP1;14, CaTIP1;15, CaSIP1;2), analysis 

revealed presence of  less than six transmembrane helices, which would suggest the loss 

of transmembrane regions resulting in missed domains that would incite negative effect 

on the protein function, which should be confirmed by experimentally. In accordance 

with sub-cellular prediction given by Cello, all CaAQPs were identified to be localized in 

plasma membrane except CaSIPs viz.,, CaSIP1;1 and CaSIP1;2 which were calculated to 

be localized in vacuolar membrane and chloroplast thylakoid membrane correspondingly 

(Table 4.2). Conversely, sub-cellular localisation predictions given by Plant-mPLoc were 

not completely in uniformity with Cello prediction. All CaNIPs, CaPIPs and CaXIPs were 

localized to plasma membrane. All CaTIPs were inferred to be localized to vacuolar 

membrane except CaTIP1;9, CaTIP1;13 and CaTIP1;15 which were localized to plasma 

membrane (Table 4.2). Localisation of CaSIPs predicted by Cello and Plant-mPLoc was 

in unison. Sub-cellular localisation predicted by Wolf PSort was diverse (Table 4.2). 

CaNIPs were found to be localized to vacuolar membrane (CaNIP1;2, CaNIP4;5), 

nucleus (CaNIP4;3) and plasma membrane (remaining). All CaPIPs were found to be 

localized to plasma membrane except CaPIP1;4 (cytosol) and CaPIP2;5 (vacuolar 

membrane). Members of CaTIP subfamily were inferred to be localized to cytosol 

(CaTIP1;1, CaTIP1;9, CaTIP1;13, CaTIP1;14, CaTIP1;15, CaTIP3;1 and CaTIP3;2), 

nucleus (CaTIP1;3, CaTIP1;5), chloroplast thylakoid membrane (CaTIP1;10, CaTIP5;1), 

vacuolar membrane (CaTIP1;2, CaTIP1;4, CaTIP1;6, CaTIP1;7, CaTIP1;8, CaTIP1;12 

and CaTIP4;1) and plasma membrane (CaTIP1;11, CaTIP2;1, CaTIP2;2 and CaTIP2;3) 

(Table 4.2).  
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Table 4.2 Transmembrane Helices and Sub-cellular Localisation of CaAQP Proteins 

S.No 
Sol Genomics 
ID 

CaAQP TMsa TMsb TMsc TMsd Subcellular 
Localisatione Subcellular Localisationf Subcellular Localisationg 

1 CA04g01090 CaNIP1;1 7 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
2 CA02g13230 CaNIP1;2 6 6 6 6 Plasmamembrane Vacuolar membrane Plasmamembrane 
3 CA06g22180 CaNIP3;1 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
4 CA02g06180 CaNIP4;1 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
5 CA02g24190 CaNIP4;2 6 7 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
6 CA12g15350 CaNIP4;3 1 2 1 3 Plasmamembrane Nucleus Plasmamembrane 
7 CA00g42510 CaNIP4;4 3 3 3 3 Plasmamembrane Plasmamembrane Plasmamembrane 
8 CA00g57100 CaNIP4;5 6 6 6 7 Plasmamembrane Vacuolar membrane Plasmamembrane 
9 CA02g13220 CaNIP4;6 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
10 CA03g32190 CaNIP6;1 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
11 CA01g24010 CaNIP7;1 5 5 5 5 Plasmamembrane Plasmamembrane Plasmamembrane 
12 CA03g12700 CaPIP1;1 5 5 6 5 Plasmamembrane Plasmamembrane Plasmamembrane 
13 CA05g16220 CaPIP1;2 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
14 CA08g07290 CaPIP1;3 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
15 CA01g34180 CaPIP1;4 6 6 6 6 Plasmamembrane Cytosol Plasmamembrane 
16 CA01g02480 CaPIP1;5 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
17 CA06g08900 CaPIP2;1 4 4 4 4 Plasmamembrane Plasmamembrane Plasmamembrane 
18 CA09g02780 CaPIP2;2 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
19 CA10g07050 CaPIP2;3 7 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
20 CA10g15210 CaPIP2;4 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
21 CA08g19380 CaPIP2;5 6 6 6 6 Plasmamembrane Vacuolar membrane Plasmamembrane 
22 CA09g02770 CaPIP2;6 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
23 CA06g08890 CaPIP2;7 5 5 5 5 Plasmamembrane Plasmamembrane Plasmamembrane 
24 CA11g19000 CaPIP2;8 6 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
25 CA11g13390 CaTIP1;1 2 2 2 2 Plasmamembrane cytosol Vacuolar membrane 
26 CA06g23450 CaTIP1;2 6 6 6 6 Plasmamembrane Vacuolar membrane Vacuolar membrane 
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27 CA00g62930 CaTIP1;3 2 3 2 3 Plasmamembrane Nucleus Vacuolar membrane 
28 CA00g62940 CaTIP1;4 5 7 6 7 Plasmamembrane Vacuolar membrane Vacuolar membrane 
29 CA01g07120 CaTIP1;5 2 3 2 3 Plasmamembrane Nucleus Vacuolar membrane 
30 CA01g07110 CaTIP1;6 6 6 6 7 Plasmamembrane Vacuolar membrane vacuolar membrane 
31 CA01g07100 CaTIP1;7 6 7 6 7 Plasmamembrane Vacuolar membrane Vacuolar membrane 
32 CA01g07090 CaTIP1;8 6 7 6 7 Plasmamembrane Vacuolar membrane vacuolar membrane 
33 CA11g14820 CaTIP1;9 3 3 3 3 Plasmamembrane cytosol Plasmamembrane 

34 CA11g14810 CaTIP1;10 6 7 6 6 Plasmamembrane 
Chloroplast thylakoid 
membrane 

Vacuolar membrane 

35 CA11g13570 CaTIP1;11 6 7 6 6 Plasmamembrane Plasmamembrane Vacuolar membrane 
36 CA10g15710 CaTIP1;12 6 6 6 7 Plasmamembrane Vacuolar membrane Vacuolar membrane 
37 CA07g03360 CaTIP1;13 6 7 6 6 Plasmamembrane cytosol Plasmamembrane 
38 CA06g24330 CaTIP1;14 3 3 3 3 Plasmamembrane cytosol Vacuolar membrane 
39 CA02g07620 CaTIP1;15 4 5 4 1 Plasmamembrane cytosol Plasmamembrane 
40 CA03g34630 CaTIP2;1 7 6 6 7 Plasmamembrane Plasmamembrane Vacuolar membrane 
41 CA00g46880 CaTIP2;2 6 6 6 7 Plasmamembrane Plasmamembrane Vacuolar membrane 
42 CA06g12470 CaTIP2;3 6 6 6 6 Plasmamembrane Plasmamembrane Vacuolar membrane 
43 CA06g20630 CaTIP3;1 6 7 6 6 Plasmamembrane Cytosol Vacuolar membrane 
44 CA03g23890 CaTIP3;2 6 6 6 6 Plasmamembrane Cytosol Vacuolar membrane 
45 CA11g00880 CaTIP4;1 7 7 6 7 Plasmamembrane Vacuolar membrane Vacuolar membrane 

46 CA03g15670 CaTIP5;1 6 6 6 6 Plasmamembrane 
Chloroplast thylakoid 
membrane 

Vacuolar membrane 

47 CA03g14380 CaSIP1;1 6 6 6 6 Vacuolar membrane Plasmamembrane Vacuolar membrane 

48 CA10g21640 CaSIP1;2 3 3 3 3 
Chloroplast thylakoid 
membrane 

Plasmamembrane 
Chloroplast  
thylakoid membrane 

49 CA04g14660 CaXIP1;1 7 7 6 7 Plasmamembrane Plasmamembrane Plasmamembrane 
50 CA08g18710 CaXIP1;2 7 6 6 6 Plasmamembrane Plasmamembrane Plasmamembrane 
TMs-Transmembrane Helices, TMsa- HMMTOP, TMsb- TMPred, TMsc- TOPCONS, TMsd- TMHMM, Sub-cellular Localisatione- Cello, Sub-cellular Localisationf- 
Wolf PSort, Sub-cellular Localisationg- Plant-mPLoc 
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In-silico analysis described the length of CaAQPs ranging between 91-329 

number of amino acids) with molecular weight (MW) ranging from 9.9 to 35.28 KDa 

(Table 4.3). The isoelectric point (pI) of CaAQPs varied between 4.2-10.06 (Table 4.3). 

CaNIPs, CaPIPs, CaTIPs, CaSIPs and CaXIPs possessed an average protein length of 

243.3 (25.91 KDa), 261.92 (28.15 KDa), 220.81 (23.27 KDa), 183 (19.91 KDa) and 

327.5 (35.07 KDa) amino acids respectively. The average pI was revealed to be 8.51, 

8.25, 6.30, 9.59 and 7.35 for CaNIPs, CaPIPs, CaTIPs, CaSIPs and CaXIPs 

correspondingly (Table 4.3). According to this data, CaSIPs were recognised to be not 

only smaller but also basic in nature in comparison to other CaAQPs. Lower pI specified 

that CaTIPs were highly acidic than other CaAQPs. All CaAQPs except CaNIP4;3 could 

be inferred to be probably stable in vitro as instability index was less than 40 while 

CaNIP4;3 could be instable with instability value of 45.63. (Table 4.3). A positive 

GRAVY score of all CaAQPs indicated hydrophobic nature of peptides except CaNIP4;3 

which showed a negative GRAVY score (-0.121) implicating its hydrophilic tendency 

(Table 4.3). 
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Table 4.3 Analysis of CaAQP Protein Properties 

S.No CaAQPs Length (No. of 
amino acids) 

Molecular Weight 
(KDa) 

Isoelectric Point (pI) Instability Index Aliphatic Index GRAVY 

1 CaNIP1;1 283 30.1 7.78 29.54 101.98 0.447 
2 CaNIP1;2 274 28.95 9.3 26.94 100 0.445 
3 CaNIP3;1 290 31.63 9.02 26.25 102.55 0.512 
4 CaNIP4;1 295 31.48 6.71 36.55 111.63 0.618 
5 CaNIP4;2 264 28.06 8.9 22.68 117.35 0.781 
6 CaNIP4;3 123 13.5 9.51 45.63 88.78 -0.121 
7 CaNIP4;4 114 12.56 6.92 15.64 140.18 1.113 
8 CaNIP4;5 272 29.06 8.4 34.22 113.27 0.658 
9 CaNIP4;6 246 26.44 9.25 30.55 105.12 0.605 
10 CaNIP6;1 305 31.36 8.58 28.83 100.52 0.48 
11 CaNIP7;1 211 21.9 9.26 25.29 114.55 0.784 
12 CaPIP1;1 221 24.24 8.24 25.16 111.18 0.679 
13 CaPIP1;2 286 30.73 9.1 33.62 99.65 0.402 
14 CaPIP1;3 285 30.61 8.83 27.36 92.11 0.326 
15 CaPIP1;4 287 30.76 8.3 30.75 96.27 0.379 
16 CaPIP1;5 286 30.63 7.69 32.34 96.96 0.396 
17 CaPIP2;1 107 12.13 4.63 29.77 93.93 0.307 
18 CaPIP2;2 279 29.77 8.53 32.57 99.35 0.502 
19 CaPIP2;3 315 33.79 9.18 27.25 93.24 0.333 
20 CaPIP2;4 285 30.54 8.19 31.34 98.67 0.363 
21 CaPIP2;5 283 30.28 8.89 29.36 102.79 0.464 
22 CaPIP2;6 279 29.8 8.52 32.12 100.43 0.523 
23 CaPIP2;7 205 22.11 9.55 29.24 101.37 0.587 
24 CaPIP2;8 287 30.65 7.71 28.46 105.09 0.567 
25 CaTIP1;1 91 9.9 6.36 8.23 102.97 0.62 
26 CaTIP1;2 250 25.66 6.01 23.18 104.24 0.804 
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27 CaTIP1;3 119 13.23 4.74 30.45 102.52 0.382 
28 CaTIP1;4 247 26.38 6.28 26.63 100.77 0.499 
29 CaTIP1;5 120 13.14 4.82 32.05 89.42 0.367 
30 CaTIP1;6 257 27.56 5.68 21.7 97.63 0.559 
31 CaTIP1;7 265 28.14 5.47 21.88 100.6 0.602 
32 CaTIP1;8 265 28.12 5.68 21.15 102.08 0.632 
33 CaTIP1;9 125 13.77 6.02 30.75 105.44 0.502 
34 CaTIP1;10 251 26.99 7.7 30.45 115.1 0.766 
35 CaTIP1;11 272 29.36 8.75 16.75 99.37 0.539 
36 CaTIP1;12 245 24.95 6.39 19.8 112.33 0.839 
37 CaTIP1;13 267 28.37 6.03 32.4 105.96 0.58 
38 CaTIP1;14 127 13.48 4.2 22.6 101.42 0.632 
39 CaTIP1;15 190 20.38 5.72 23.45 90.89 0.372 
40 CaTIP2;1 248 24.9 6.15 24.24 117.3 0.989 
41 CaTIP2;2 248 25.06 6 26.2 116.13 0.931 
42 CaTIP2;3 250 25.18 5.67 27.68 113.24 0.925 
43 CaTIP3;1 258 27.25 7.11 28.21 110.54 0.605 
44 CaTIP3;2 260 27.68 8.96 30.06 107.42 0.495 
45 CaTIP4;1 247 25.84 6.01 25.05 113.32 0.901 
46 CaTIP5;1 256 26.69 8.95 36.29 94.18 0.693 
47 CaSIP1;1 242 25.99 9.12 32.17 109.63 0.688 
48 CaSIP1;2 124 13.83 10.06 31.57 92.82 0.312 
49 CaXIP1;1 326 34.86 7.08 29.09 115.43 0.643 
50 CaXIP1;2 329 35.28 7.62 40.56 117.99 0.729 
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4.2.2. Characterization of Conserved and Substrate Determining Amino Acid Residues 

 To identify conserved amino acid residues which were recognized to influence 

AQPs’s specificity towards a substrate, multiple sequence alignments of CaAQPs were 

diligently investigated. Dual NPA motifs, amino acids in ar/R filter, Froger’s positions of all 

CaAQPs were tabulated in Table 4.4. Further SDP positions, investigated were given in 

Table 4.5. 

Table 4.4 Specifics of Conserved Dual NPA filter, aromatic/arginine (ar/R) Selectivity Filter, 

and Froger’s Positions of Aquaporins in Capsicum annuum 

S.No CaAQPs 
Dual NPAs ar/R Filter Froger’s Positions 

1st NPA 2nd NPA H2 H5 LE1 LE2 P1 P2 P3 P4 P5 

1 CaNIP1;1 NPS NPA W V A R F S A Y L 

2 CaNIP1;2 NPA NPA W V A R F S A Y L 

3 CaNIP3;1 NPA NPA W I A R F S A Y I 

4 CaNIP4;1 NPA NPA W V A R L S A Y I 

5 CaNIP4;2 NPA NPA W V A R F S A Y I 

6 CaNIP4;3 NSV NPT W S M K - N H - - 

7 CaNIP4;4 NPL - W - - - L - - - - 

8 CaNIP4;5 NPA NPA W V A R F S A Y I 

9 CaNIP4;6 NPA NPA W S A R F S A Y I 

10 CaNIP6;1 NPA NPV S I A R M T A Y L 

11 CaNIP7;1 NPA NPA A V G R Y S A Y V 

12 CaPIP1;1 NLV NPA F Y T R G S A Y F 

13 CaPIP1;2 NPA NPA F H T R G S A F W 

14 CaPIP1;3 NPA NPA F H T R Q S A F W 

15 CaPIP1;4 NPA NPA F H T R M S A F W 

16 CaPIP1;5 NPA NPA F H T R M S A F W 

17 CaPIP2;1 NPA - I - - - - Q - - - 

18 CaPIP2;2 NPA NPA F H T R Q S A F W 

19 CaPIP2;3 NPA NPA F H T R M S A F W 

20 CaPIP2;4 NPA NPA F H T R Q S A F W 

21 CaPIP2;5 NPA NPA F H T R M S A F W 
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22 CaPIP2;6 NPA NPA F H T R Q S A F W 

23 CaPIP2;7 NPA NPA I H T R Q S A F W 

24 CaPIP2;8 NPA NPA F H T R Q S A F W 

25 CaTIP1;1 - NPT - I A M - A A Y C 

26 CaTIP1;2 NPA NPA H I A V G S S Y W 

27 CaTIP1;3 - NPA - N A M - A A Y W 

28 CaTIP1;4 NPA NPA H T A M G A A Y W 

29 CaTIP1;5 - NPA - T A M - A A Y W 

30 CaTIP1;6 NPA NPA H T A M G A A Y W 

31 CaTIP1;7 NPA NPA H T A M G A A Y W 

32 CaTIP1;8 NPA NPA H T A M G A A Y W 

33 CaTIP1;9 - NPA - I A M - S A Y W 

34 CaTIP1;10 NPA NPA H I A M N S A Y W 

35 CaTIP1;11 NPA NPA H V A L N S S Y W 

36 CaTIP1;12 NPA NPA H I A V G S A Y W 

37 CaTIP1;13 NPA NPA H I A G G L A H W 

38 CaTIP1;14 - NPA - I A V - S A Y W 

39 CaTIP1;15 NPA NPP H - - G - L A H W 

40 CaTIP2;1 NPA NPA H I G R G S A Y W 

41 CaTIP2;2 NPA NPA H I G R G S A Y W 

42 CaTIP2;3 NPA NPA H I G R N S A Y W 

43 CaTIP3;1 NPA NPA H V A R D A A Y W 

44 CaTIP3;2 NPA NPA H V A R D A A Y W 

45 CaTIP4;1 NPA NPA H I A R G S A Y W 

46 CaTIP5;1 NPA NPA N V G Y N S Q Y W 

47 CaSIP1;1 NPT NPA F T P N C A A Y W 

48 CaSIP1;2 - NPA - T P N - A A Y W 

49 CaXIP1;1 NPV NPA I T A R V C A F W 

50 CaXIP1;2 SPV NPA I T A R V C A F W 
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Table 4.5 Identified Specificity Determining Positions (SDPs) in CaAQP Proteins 

 SDP1 SDP2 SDP3 SDP4 SDP5 SDP6 SDP7 SDP8 SDP9 

NH3 transporter F/T K/L/N/V F/T V/L/T A D/S A/H/L E/P/S A/R/T 

CaNIP1;1 F T F T A D L E T 

CaNIP1;2 F K F T A D L E T 

Boric Acid transporter T/V I/V H/I P E I/L I/L/T A/T A/G/K/P 

CaNIP1;1 V I H P E L L T P 

CaNIP1;2 V I H P E L L A P 

CaNIP6;1 T I H P E L L A G 

CaNIP7;1 V I H P E L L A P 

CaPIP1;2 T I H P E L L T P 

CaPIP1;3 T I H P E L L T P 

CaPIP1;4 T I H P E L L T P 

CaPIP1;5 T I H P E L L T P 

CaXIP1;1 V V H P E I T T K 

CaXIP1;2 V V H P E I T T K 

CO2 transporter I/L/V I C A I/V D W D W 

CaPIP1;5 I I C A I D W D W 

CaPIP2;2 I I C A V D W D W 

CaPIP2;6 I I C A V D W D W 

CaXIP1;1 I I C A V G W D W 

CaXIP1;2 I I C A V G W H W 

H2O2 transporters A/S A/G L/V 
A/F/L/T/

V 
I/L/V H/I/L/Q F/Y A/V P 

CaNIP4;2 S A L L V L Y V P 

CaNIP4;5 S G L L I L Y V P 

CaPIP1;2 A G V F I H F V P 

CaPIP1;3 A G V F I H F V P 

CaPIP1;4 A G V F I H F V P 

CaPIP1;5 A G V F I H F V P 

CaPIP2;2 A G V F I Q F V P 

CaPIP2;3 A G V F I Q F V P 

CaPIP2;4 A G V F I Q F V P 

CaPIP2;5 A G V F I H F V P 
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CaPIP2;6 A G V F I Q F V P 

CaPIP2;7 A G V F I H F V P 

CaPIP2;8 A G V F I H F V P 

CaTIP1;2 S A L A I Q Y A P 

CaTIP2;1 S A L V I H Y V P 

CaTIP2;3 S A L V I Q Y V P 

CaXIP1;1 A G L V L H F V P 

CaXIP1;2 A G L V A H F V P 

Urea transporters H P F/I/L/T A/C/F/L L/M A/G/P G/S G/S N 

CaNIP1;1 H P I A L P G S N 

CaNIP1;2 H P I A L P G S N 

CaNIP3;1 H P I A L P G S N 

CaNIP4;5 H P I A L P G S N 

CaNIP4;6 H P I A L P G S N 

CaPIP1;2 H P F L L P G G N 

CaPIP1;3 H P F F L P G G N 

CaPIP1;4 H P F F L P G G N 

CaPIP1;5 H P F F L P G G N 

CaPIP2;2 H P F F L P G G N 

CaPIP2;3 H P F F L P G G N 

CaPIP2;4 H P F F L P G G N 

CaPIP2;5 H P F F L P G G N 

CaPIP2;6 H P F F L P G G N 

CaPIP2;7 H P F F L P G G N 

CaPIP2;8 H P F F L P G G N 

CaTIP1;2 H P F F L A G S N 

CaTIP1;12 H P F F L A G S N 

CaTIP2;1 H P F L L P G S N 

CaTIP2;2 H P F L L P G S N 

CaTIP2;3 H P F A L P G S N 

CaTIP3;1 H P F L L P G S N 

CaTIP3;2 H P F L L P G S N 

CaTIP4;1 H P L C L P G S N 

CaTIP5;1 H P F A L P G S N 



 

90 
 

OBJECTIVE-2 

4.2.2.1. CaNIPs 

In CaNIPs, NPA motifs revealed slight variation (Table 4.4). While the first NPA 

motif in CaNIP1;1, CaNIP4;3, and CaNIP4;4 was replaced by NPS, NSV and NPL 

respectively the second NPA motif was modified to NPT, NPV in CaNIP4;3 and 

CaNIP6;1 correspondingly. Second NPA motif was absent in CaNIP4;4 which was 

attributed due to the loss of TM5 and TM6. The amino acid residues which make ar/R 

filter exhibited high dissimilarities (Table 4.4). The ar/R filter in CaNIP1 and CaNIP3 

subgroups composed of W (H2), V (H5), A (LE1), R (LE2) and W (H2), I (H5), A (LE1), 

R (LE2) correspondingly. In CaNIP4 subgroup, CaNIP4;1 (W-V-A-R), CaNIP4;2 (W-V-

A-R), CaNIP4;5 (W-V-A-R) and CaNIP4;6 (W-S-A-R), exhibited conserved ar/R filter. 

Comparatively, a greater degree of variation was observed in ar/R filter of CaNIP4;3 (W-

S-M-K). Lack of TM5 and TM6 in CaNIP4;4, made it impossible to locate H5, LE1 and 

LE2 positions. In all CaNIPs except CaNIP4;3 and CaNIP4;4, Froger’s positions P1-P5 

were highly conserved with F/L/M/Y (P1), S (P2), A (P3), Y (P4) and L/I/V (P5) (Table 

4.4). Absence of few TM regions made it inaccessible to identify P1, P4, P5 residues in 

CaNIP4;3 and P2, P3, P4, P5 residues in CaNIP4;4. Recognition sites for Calcium 

Dependent Protein Kinase (CDPK) were found in members of CaNIP1 subgroup and 

CaNIP4;5 of CaNIP4 subgroup (Figure 4.2). From SDP analysis (Table 4.5), CaNIP1;1 

and CaNIP1;2 were revealed to be NH3 transporters. While four CaNIPs (CaNIP1;1, 

CaNIP1;2, CaNIP6;1 and CaNIP7;1) demonstrated to be boric acid transporters, two 

CaNIPs (CaNIP4;2 and CaNIP4;5) were H2O2 transporters. Further, five CaNIPs 

(CaNIP1;1, CaNIP1;2, CaNIP3;1, CaNIP4;5 and CaNIP4;6) were found to be potential 

urea transporters.  
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Figure 4.2 Alignment of protein sequences of CaNIP subfamily members. 

Shown is protein sequence alignment of all CaNIPs. Regions highlighted with yellow were predicted 
transmembrane domains. The two conserved NPA motifs are shown in bold letters. Residues comprising 
the ar/R filter are marked in red colour and labeled H2, H5, LE1 and LE2. Froger’s Positions (P1-P5) were 
marked in blue and labeled as P1, P, P3, P4 and P5. A conserved Calcium-dependent protein kinase 
recognition site in the C-terminus was highlighted in teal.  

CaNIP7-1        ------------------------------------------------------------ 
CaNIP4-3        ------------------------------------------------------------ 
CaNIP6-1        MDPEEGVSAASAPATPGTPGAPLFGGFKHERKNTGNGKKSLLKSCKCFSVEPWGSEEGTL 
CaNIP4-6        ------------------------------------------------------------ 
CaNIP4-4        ------------------------------------------------------------ 
CaNIP3-1        ----------------------------MEEIPAVDGIRATSFRISDYPTPSPSAITATS 
CaNIP1-1        ------------------------MVDHHQNVAGGANGNINHGVITLNIKEDDDLNNQNN 
CaNIP1-2        -------------------------MGDHQQVANGSS-------VSLNISDAND-----S 
CaNIP4-5        -----------------------MSTKDIKAIEEGNG--------------PGYTQHANE 
CaNIP4-1        ------------------------MAANIDGIQEKEMSKMEEGINNIYSSSQSNISRGNT 
CaNIP4-2        ------------------------MASKREEISQ---------------MEEGKIHGASV 
                                                                             
CaNIP7-1        -----------------------------------------------MASMEIM----GV 
CaNIP4-3        -------------------------------------------MFVGLASMVVNKNM-G- 
CaNIP6-1        PAVSCMLPPPPVSLARK---------------VGAEFIGTLILIFAGTATAIVNQKTQG- 
CaNIP4-6        --------MNNLLFSMQ---------------LVAEFLGTYLLMFAGFAAMVVNKNM-G- 
CaNIP4-4        --------------------------------LFAEAVGAYVIILAWCGSVTMYKLLDDE 
CaNIP3-1        TPQKFLKCFISVHFVQK---------------LIAEFVGTYMLIFAGCAAIILNINK-DN 
CaNIP1-1        DSSSSCT-FLTIPFIQK---------------VIAEMVGTYFLIFAGCGSVVVNADK-G- 
CaNIP1-2        SSTSTCN-FVTLPFIQK---------------IIAETLGTYFLIFAGCGSVAVNADK-G- 
CaNIP4-5        EDSGLCTSPNVVIIIQK---------------VIAEAIGTYFLIFVGCGAVAVNKTY-G- 
CaNIP4-1        SSAEFCSSPNVVTVVQKCVEIELSCIYCVRSQLVAEAIGTFFIIFAGCGSVAVNKLY-DE 
CaNIP4-2        TNVGFCASTSVVVLIQK---------------LIAEVIGTYFVIFAGCGSVVVNKLY-G- 
 
                          H2 
CaNIP7-1        QVGLMEYATTAALTVVVVVFSIGPISGAHINPAVTLAFAAVGHFPWSKVPLYVVAQVGGS 
CaNIP4-3        ---ILRIAALWGLDTLVMIYNVGHISSTHLNSVVNIAFASCASI-------YI------- 
CaNIP6-1        SETLIGLAASSGLAVMIVILSTGHISGAHLNPALTIAFAALKHFPWKHVPVYIGAQILAS 
CaNIP4-6        ---VLGIAALWGLDTMVMIYTVGHVSGAHLNPAVTIAFASCKRIAWKYVPAYTLAQVLGA 
CaNIP4-4        SIEFGGINMTWGVVVMVMVYSMAQVSGAHFNPLVTLIFTIFRRFPWKLAPLYIIAQLIGS 
CaNIP3-1        VVTLPGIASVWGLVVMVLVYSVGHVSGAHFNPAVTIAFATSKRFPWNQVPAYVFVQVVGS 
CaNIP1-1        IITFPGIAITWGLVVMVMVYSVGHISGAHFNPSVTIAFATCKRFPWKQVPAYVAAQVLGA 
CaNIP1-2        MVTFPGISIVWGLVVMVMVYSVGHISGAHFNPAVTIAFASNRRFPWKQVPAYVAAQVIGS 
CaNIP4-5        SVTFPGICVAWGLIVMVMVYSVGHISGAHFNPAVTIAFAIFRHFPFKQVPLYIIAQLIGS 
CaNIP4-1        SITFPGVCVTWGLIVMVMIYSVGHVSGGHFNPAVTITFTIFRQFSWKLAPLYIIAQVTGS 
CaNIP4-2        SVTFPGICVTWGLIVMVMAYTVGHISGAHFNPAVTITFTLFRRLPWKEAPLYIIAQLMGS 
                    
                          P1 
CaNIP7-1        ILATYTGKLVYGLKAE-FVTTRPLHGCTSAFLVELLATFIVLFLSASLTNDPQSTGPLSG 
CaNIP4-3        --------------------STSSGSNCSNCHREIDVQ---------------------G 
CaNIP6-1        FCAAFTLKVVMNPIMGGGV-TVPSGSCVQAFALEFIISFNLMFVVTAVATDTRAVGELAG 
CaNIP4-6        IVATVTVRSMFKEDQSQFLGTIPVGSDLQSLGLEFLITFYLMFAAAGTAMDNPAVGELTG 
CaNIP4-4        VLAGVTLALLLDIN---------------------VIAY---------------LKHLSK 
CaNIP3-1        TLASGSLRLIFNGKEDQFVGTVPAGTNLQALVLEFITTFYLMFVIAAVATDDRAMKHLSG 
CaNIP1-1        TLASGTLRLIFNGTHDHFAGTLPSGTDIQSFVVEFIITFYLMFVISGVATDNRAIGELAG 
CaNIP1-2        TLASGTLRLIFNGKHDHFVGTSPTGSDIQSLVLEFIITFYLMFVISGVATDNRAIGELAG 
CaNIP4-5        ILGSGTLYLLFDLKTQAFFGTTPVGSNVQSLILEFIISYLLMFVISGVATDNRSIGELAG 
CaNIP4-1        ILASGTLALLLDVTSKSYFGTLPVGSNGQSLAIEIIISFLLMFVISGVSTDDRAVGQLDG 
CaNIP4-2        LLASVTLVLMFDVTPEAYFGTVPVGSNGQSLAVEIIISFLLMFVICGIATDDRAIGHVSG 
                                                                            
                          H5       LE1 LE2P2  P3          P4P5 
CaNIP7-1        FVVGVAIGLAVLISGPVSGGSMNPARSLGPAIVAWKFGNLWIYVLAPIIGAVAGVVFYRL 
CaNIP4-3        RAISDSRNNSSWLRFSSELMKANPTKNQQPH----------------------------- 
CaNIP6-1        IAVGATVMLNILIAGETSGASMNPVRTLGPAVAAGNYKAIWIYLTAPILGALVGAGIYSA 
CaNIP4-6        LVIGAVVTINSILAGPISGASMNPARSLGPAILSNCYKKQWIYILGPTAGAIAGIWFYNA 
CaNIP4-4        VV---------------------------------------------------------- 
CaNIP3-1        VAIGATVSLDILFSGPLTGASMNPARSLGPAIVTGHYKGLWIYIIGPTWGAIFGAWTYNL 
CaNIP1-1        LAVGATILLNVMFTGPISGASMNPARSLGPAIVSSHYKGLWIYLVSPTLGAIAGAWVYNI 
CaNIP1-2        LAVGATVLLNVMFAGPISGASMNPARSLGPAIVSSHYKGLWVYLLGPTAGAIAGAWVYNI 
CaNIP4-5        IAIGMTILLNVLIAGPVSGASMNPARSIGPAIVMHQYSGLWVYIVGPILGTIAGAFTYNL 
CaNIP4-1        LAVGMTITLNVFVAGPISGASMNPARSIGPAIVKQVYKGLWVYIIGPLTGTVAGAFVYNL 
CaNIP4-2        IAVGMTITLNVFVGGPISGASMNPARSIAPALVKHVYKGLWVYIVGPIVGTLAGAFVYHL 
 
 
CaNIP7-1        LRLQGWPCKPNSTPTT---NHQHSPL------------ 
CaNIP4-3        -RIQTENNKIHTKGSL---------------------- 
sCaNIP6-1        VKLPDEDSNNHAKQALEHSFRR---------------- 
CaNIP4-6        MK-SVKPFDEVTKFFP---FHRRLAQNKIQTTNTTIPV 
CaNIP4-4        -------------------------------------- 
CaNIP3-1        MRQTNKSWYEFTKSFKILDFIYIRNLPMSETHMI---- 
CaNIP1-1        IRFTDKPLREITKSGS---FLKSKNSST---------- 
CaNIP1-2        IRFTDKPLREITKSGS---FLKSKTLPRNPSN------ 
CaNIP4-5        IRFTEKPLRELTKSST---FLKSMSRSHA--------- 
CaNIP4-1        IRFTDKPLLQLVKIGS---FLRN--------------- 
CaNIP4-2        LRATDKPLNELAKSVS---SIRR--------------- 
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4.2.2.2. CaPIPs 

 All CaPIPs except CaPIP1;1 and CaPIP2;1 found to feature dual NPA motif, a 

distinguishing trait of AQPs (Table 4.4). In CaPIP1;1, 1st and 2nd NPA motifs were 

substituted by NLV and NPV respectively. Due to the absence of LE connecting loop, 2nd 

NPA motif was not found in CaNIP2;1.  All CaPIPs possessed amino acids F (H2), H 

(H5), T (LE1) and R (LE2) in ar/R filter except CaPIP1;1, CaPIP2;1 and CaPIP2;7 (Table 

4.4). In CaPIP1;1, Histidine (H) was replaced by Tyrosine (Y) at H5 position. In 

CaPIP2;7, Phenylalanine (F) was replaced by Isoleucine (I) at H2. While the position P1 

was highly inconsistent with G/Q/M, positions P2- P5 were extremely preserved with S 

(P2), A (P3), F (P4) and W (P5) (Table 4.4). Phenylalanine residue was substituted by 

Tyrosine in CaPIP1;1, at position P4. Due to the absence of TM5, TM6 and LE loop, 

positions H5, LE1, LE2, P2, P3, P4 and P5 were not identified. Phosphorylation sites 

(serine (S) residues) were present in different regions- one in front of TM1, in loop B 

(one) and in loop D (one) (Figure 4.3). Serine residue was present in C-terminus of 

CaPIP1 subgroup members and S-X-R motif which is Protein Kinase C (PKC’s) 

recognition site was found in members of CaPIP2 subgroup (except CaPIP2;1 and 

CaPIP2;3). Careful observation of sequence alignments identified that few aminoacid 

residues were specific to CaPIP1 and CaPIP2 subgroup members (Figure 4.3). Accurately 

at the forefront of TM2, Q (glutamine) residue was present in CaPIP1 subgroup and it 

was substituted by L (leucine)/ I (isoleucine) residues in members of CaPIP2 subgroup. 

Leucine (L) found in subgroup CaPIP1’s TM5 was substituted by methionine (M) in 

CaPIP2. Aminoacid isoleucine (I), present behind 2nd NPA in CaPIP1 was substituted by 

aminoacid valine (V) in CaPIP2. Dual NPA motif and F-H-T-R ar/R filter in all CaPIPs 

(except CaPIP1;1 and CaPIP2;1) would imply their high permeability to water. Basing on 

SDP analysis (Table 4.5), CaPIP1;2, CaPIP1;3, CaPIP1;4 and CaPIP1;5 represented boric 

acid type SDPs (T/V- I/V- H/I- P- E- I/L- I/L/T- A/T- A/G/K/P). Three CaPIPs 

(CaPIP1;5, CaPIP2;2 and CaPIP2;6) possess CO2 type SDPs (I/L/V- I- C- A- I/V- D- W- 

D- W). CaPIPs viz., CaPIP1;2, CaPIP1;3, CaPIP1;4, CaPIP1;5, CaPIP2;2, CaPIP2;3, 

CaPIP2;4, CaPIP2;5, CaPIP2;6, CaPIP2;7 and CaPIP2;8 found to have H2O2 type SDPs 

(A/S- A/G- L/V- A/F/L/T/V- I/L/V- H/I/L/Q- F/Y- A/V- P). Urea transport SDPs (H- P- 

F/I/L/T- A/C/F/L- L/M- A/G/P- G/S-G/S- N) were revealed in CaPIP1;2- CaPIp1;5, 

CaPIP2;2-CaPIP2;8. 
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CaPIP1-1        ------------------------------------------------------------ 
CaPIP1-4        -----------------MAENKEEDVKLGANKYRETQPIGTSAQT-DKDYNEPPAAPLFE 
CaPIP1-5        -----------------MAENKEEDVSLGANKYRETQPLGTAAQT-DKDYKEPPPAPLFE 
CaPIP1-2        ------------------MEHREEDVRLGANKYSERQAIGTAAQSREKDYKEPPPALLFE 
CaPIP1-3        ------------------MEGKEEDMKVGANKFSERQPLGTSAQ--SKDYKEPPPAPLFE 
CaPIP2-3        MTNSFVSTHTNKKANSKTNEIKNNSLSFGCLNMSKDVIEEGQAHHHGKDYVDPPPALFFG 
CaPIP2-5        --------------------MSKEGIEEGQVQQH------------GKDYVDPPPEPLLD 
CaPIP2-4        ---------------------MAKDIEYGNDQYAP-----------NKDYQDPPPAPLID 
CaPIP2-2        ---------------------MPKDVEVGTEYAP-------------KDYQDPPPAPLID 
CaPIP2-6        ---------------------MAKDIEVGTEYAP-------------KDYQDPPPAPLID 
CaPIP2-8        ---------------------MTKEVETAHEQAAEYS---------AKDYTEPPPAPLID 
CaPIP2-1        ---------------------MTKEVEAATERPAEFS---------TKDYTDPPPAPLVD 
CaPIP2-7        ------------------------------------------------------------     
 
CaPIP1-1        ----MSWSFYRAGIAEFVANFLFLYITILTIMGVSKSE----------SKCSTVGIQDIA 
CaPIP1-4        PGELSSWSFYRAGIAEFMATFLFLYITILTVMGLKRSD----------SLCSSVGIQGVA 
CaPIP1-5        PGELSSWSFYRAGIAEFMATFLFLYITILTVMGLKRSD----------SLCSSVGIQGVA 
CaPIP1-2        PGELMSWSFYRAGIAEFVATFLFLYITVLTVMGVSKSE----------SKCSTVGIQGIA 
CaPIP1-3        SGELHSWSFWRAGIAEFMATFLFLYITVLTVMGYSRAN----------SKCSTVGVQGIA 
CaPIP2-3        MDDLTKWSFYRALIAEFIATLLFLYVTVATVIGHKKLNSA--------NQCDGVGILGIA 
CaPIP2-5        FAELKQWSFYRALIAEFIATLLFLYVTVATVIGHKKLNAA--------DKCDGVGILGIA 
CaPIP2-4        PEELGKWSFYRAIIAEFIATLLFLYITVLTVIGYKSQSDTKHNG----DQCGGVGILGIA 
CaPIP2-2        PEELGKWSFYRAIIAEFIATLLFLYITVLTVIGYKSQSAT--------DQCGGVGILGIA 
CaPIP2-6        PEELGKWSFYRAIIAEFIATLLFLYITVLTVIGYKSQSAT--------DQCGGVGILGIA 
CaPIP2-8        LEELTKWSLYRAAIAEFIATLLFLYISVLTVIGYKHQADVQDGG----NVCGGVGILGIA 
CaPIP2-1        FEELTQWSFYRAIIAEFIATLLFLYITVLTVIGYKHQADVTDGEESFLHTCLTVEFI--- 
CaPIP2-7        ----------------------FL------------------------HTCLTVEFI--- 
                       
                      H2                            
CaPIP1-1        WALGGMIFALVYCTTGISGGHTNLVVTFRLFLARKLSLTRELFYMVMQCLGAICGAGVVK 
CaPIP1-4        WAFGGMIFALVYCTAGISGGHINPAVTFGLFLARKLSLTRAVFYMVMQCLGAICGAGVVK 
CaPIP1-5        WAFGGMIFALVYCTAGISGGHINPAVTFGLFLARKLSLTRAIFYIVMQCLGAICGAGVVK 
CaPIP1-2        WAFGGMIFALVYCTAGISGGHINPAVTFGLLLARKLSLTRALFYMVMQCLGAICGAGVVK 
CaPIP1-3        WAFGGMIFALVYCTAGISGGHINPAVTFGLFLARKLSLTRTVFYIVMQCLGAVCGAGVVK 
CaPIP2-3        WAFGGMIFVLVYCTAGISGGHINPAVTFGLFLARKVSLIRAVAYIIAQSLGAICGVGFVK 
CaPIP2-5        WAFGGMIFVLVYCTAGISGGHINPAVTFGLFLARKVSLIRAVGYIIAQSLGAICGVGFVK 
CaPIP2-4        WAFGGMIFILVYCTAGISGGHINPAVTFGLFLARKVSLVRAVMYIVAQCLGAICGCGLVK 
CaPIP2-2        WAFGGMIFVLVYCTAGISGGHINPAVTFGLFLARKVSLVRAIMYIVAQCLGAICGCGLVK 
CaPIP2-6        WAFGGMIFVLVYCTAGISGGHINPAVTFGLFLARKVSLVRAIMYIVAQCLGAICGCGLVK 
CaPIP2-8        WAFGGMIFVLVYCTAGISGGHINPAVTFGLFLARKVSLIRAVLYMVAQCLGAICGVGFVK 
CaPIP2-1        --FNHTYILFIN-----TGGHINPAVTFGLFLARKVSLIRAVLYMVAQCLGAICGVGFVK 
CaPIP2-7        --FNHTYILFIN-----TGGHINPAVTFGLFLARKVSLIRAVLYMVAQCLGAICGVGFVK 
                   
                  P1                                                  
CaPIP1-1        VFGKTLYETKGDETNVVNVGYTKGDGLDAEIIETFVL--------------------ILA 
CaPIP1-4        GFMQGPYQRLGGGANVVNPGYTKGDGLGAEIIGTFVLVYTVFSATDAKRNARDSHVPILA 
CaPIP1-5        GFMQGPYQRLGGGANVVNPGYTKGDGLGAEIIGTFVLVYTVFSATDAKRNARDSHVPILA 
CaPIP1-2        AFGKTLYETKGGGANVVNVGYTKGDGLGAEIIGTFVLVYTVFSATDAKRSARDSHVPILA 
CaPIP1-3        GFQPSLYETKGGGANVVSHGYTKGDGLGAEIIGTFVLVYTVFSATDAKRNARDSHVPILA 
CaPIP2-3        AFMKHYYNTEGGGANSVAPGYNKGTALGAEIIGTFVLVYTVFSATDPKRSARDSHVPVLA 
CaPIP2-5        AFMKHSYNTLGGGANFVQPGYNNGTALGAEIIGTFVLVYTVFSATDPKRSARDSHIPVLA 
CaPIP2-4        SFQKAYYVKYGGGANELADGYNTATGLGAEIIGTFVLVYTVFSATDPKRNARDSHVPVLA 
CaPIP2-2        AFQKAYYFRHGGGANTLNDGYSTGTGLGAEIIGTFVLVYTVFAATDPKRNARDSHVPVLA 
CaPIP2-6        AFQKAYYFRYGGGANTLNDGYSTGTGLGAEIIGTFVLVYTVFAATDPKRNARDSHVPVLA 
CaPIP2-8        AFQSAYYNRYGGGVNVMAAAHTKGVGLAAEIIGTFVLVYVVFSATDPKRSARDSHVPVLA 
CaPIP2-1        AFQSAYYNRYGGGVNVMAPGHNKGVGLGAEIIGTFVLVYTVFSATDPKRNARDSHVP--- 
CaPIP2-7        AFQSAYYNRYGGGVNVMAPGHNKGVGLGAEIIGTFVLVYTVFSATDPKRNARDSHVPVLT 
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Figure 4.3 Alignment of protein sequences of CaPIP subfamily members. 

Shown is protein sequence alignment of all CaPIPs. Regions highlighted with yellow were predicted 

transmembrane domains. The two conserved NPA motifs are shown in bold letters. Residues comprising 

the ar/R filter are marked in red colour and labeled H2, H5, LE1 and LE2. Froger’s Positions (P1-P5) were 

marked in blue and labeled as P1, P, P3, P4 and P5. Columns with conserved putative phosphorylation sites 

are highlighted with pink. For putative phosphorylation by Protein Kinase C (PKC), S-X-A motif was 

highlighted in teal. Residues specific for CaPIP1 were bolded, italicized and residues which were replaced 

and specific for CaPIP2 were bolded, italicized and underlined.  

 

 

 

 

 

 

 

 

 

                           H5       LE1  LE2P2 P3             P4P5 
CaPIP1-1        PLPIGFAVFLVYLATIPITATSINPVRSLGATIIYNKEPTWNDHVCIYFTIPFTGEALAA 
CaPIP1-4        PLPIGFAVFLVHLATIPITGTGINPARSLGAAIIFNQDQAWDDHW-IFWVGPFIGAALAA                            
CaPIP1-5        PLPIGFAVFLVHLATIPITGTGINPARSLGAAIIYNTDAAWDDHW-IFWVGPFIGAALAA 
CaPIP1-2        PLPIGFAVFLVHLATIPITGTGINPARSLGAAIIYNKEPAWNDHW-IFWVGPFIGAALAA 
CaPIP1-3        PLPIGFAVFLVHLATIPITGTGINPARSLGAAIVYNREHAWDDHW-IFWVGPFIGAALAA 
CaPIP2-3        PLPIGFAVFMVHLATIPITGTGINPARSFGAAVIYNQDKIWDDQW-IFWVGPMVGAMAAA 
CaPIP2-5        PLPIGFAVFMVHLATIPITGTGINPARSFGAAVIYDSKKIWDDHW-IFWVGPFVGALAAA 
CaPIP2-4        PLPIGFAVFMVHLATIPITGTGINPARSFGAAVIYGKEKSWDDQW-IFWVGPFIGAAIAA 
CaPIP2-2        PLPIGFAVFMVHLATIPVTGTGINPARSFGAAVIYGKDKAWDDQW-IFWVGPFIGAAVAA 
CaPIP2-6        PLPIGFAVFMVHLATIPVTGTGINPARSFGAAVIYGKDKAWDDQW-IFWVGPFIGAAIAA 
CaPIP2-8        PLPIGFAVFMVHLATIPITGTGINPARSFGAAVIYNGDKAWDEHW-IFWVGPFIGAFIAA 
CaPIP2-1        ------------------------------------------------------------ 
CaPIP2-7        PLPIGFAVFMVHLATIPITGTGINPARSFGAAVIYNGDKAWDEHW-IFWVGPFIGAFAAA 
                                                                             
 
                                                                   
CaPIP1-1        LYRQVMIRAIPFMSK--- 
CaPIP1-4        VYHQIIIRAIPFKSKA-- 
CaPIP1-5        VYHQIIIRAMPFHKS--- 
CaPIP1-2        LYHQVVIRAIPFKSK--- 
CaPIP1-3        LYHQVILRAIPFKSGN-- 
CaPIP2-3        VYHQFVLRAGAVKALGSFRSNPTN 
CaPIP2-5        AYHQYILRAAAIKALGSFRSNATN 
CaPIP2-4        LYHQFILRAGAAKALGSHRSNA-- 
CaPIP2-2        FYHQFILRAGAVKALGSFRSNA-- 
CaPIP2-6        FYHQFILRAGAVKALGSFRSNA-- 
CaPIP2-8        VYHQYILRAGAIKALGSFRSNA-- 
CaPIP2-1        ------------------------ 
CaPIP2-7        VYHQFILRAGAIKALGSFRSNA-- 
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4.2.2.3. CaTIPs 

 All CaTIPs exhibited the presence of dual NPA motif except CaTIP1;1, CaTIP1;3, 

CaTIP1;5, CaTIP1;9 and CaTIP1;14 which showed absence of 1st NPA motif (Table 4.4). 

Also, in CaTIP1;1 (NPT) and CaTIP1;15 (NPP) alanine in 2nd NPA was substituted by 

threonine and proline respectively. As a result of absence of TM2,  H2 (ar/R filter) was 

not specified in CaTIP1;1, 1;3, 1;5, 1;9 and CaTIP1;14. In remaining CaTIPs except 

CaTIP5;1, histidine (H) was present in H2 position. In CaTIP5;1, aspargine (N) was 

present. Aminoacid residues isoleucine (CaTIP1;1, 1;2, 1;9,1;10, 1;12, 1;13, 1;14, 2;1, 

2;2, 2;3 and CaTIP4;1), threonine (CaTIP1;4, 1;5, 1;6, 1;7 and CaTIP1;8), valine 

(CaTIP1;11, 3;2 and CaTIP5;1) and aspargine (CaTIP1;3) were seen at H5 position of 

ar/R filter. Aminoacids in LE1 of ar/R filter were seen to be specific for each subgroup. 

Alanine (A) was seen in LE1 position in members of CaTIP1 (except CaTIP1;15 in which 

LE1 position was not specified), CaTIP3 and CaTIP4 subgroups. In CaTIP2 subgroup 

members, LE1 position was filled by glycine (G). Residues at LE2 were highly 

inconsistent with M/V/L/G residues in CaTIP1 and Y residue in CaTIP5;1, R residue in 

CaTIP2, CaTIP3 and CaTIP4 members. While P4 and P5 positions were consistent, P1-

P3 positions were inconsistent in CaTIPs (Table 4.4). Froger’s positions in CaTIPs 

showed consensus sequence of G/N/D (P1), A/S/L (P2), A/S/Q (P3), Y/H (P4) and W/C 

(P5). Members of CaTIP viz., CaTIP1;2, CaTIP2;1 and CaTIP2;3 were characteried with 

H2O2 type SDPs (A/S- A/G- L/V- A/F/L/T/V- I/L/V- H/I/L/Q- F/Y- A/V- P) while, 

CaTIP1;2, CaTIP1;12, CaTIP2;1, CaTIP2;2, CaTIP2;3, CaTIP3;1 and CaTIP3;2 

demonstrated urea type SDPs with aminoacids H- P- F/I/L/T- A/C/F/L- L/M- A/G/P- 

G/S-G/S- N at SDP1-SDP2- SDP3-SDP4-SDP5-SDP6-SDP7-SDP8-SDP9 positions 

respectively (Table 5.5) 

4.2.2.4. CaSIPs 

CaSIP subfamily constituted only two CaSIPs. In CaSIP1;1, 1st NPA motif was 

replaced by NPT. Whereas in CaSIP1;2, 1st NPA was absent (Table 4.4). Second NPA 

motif was found in both CaSIP members. With amioacid residues threonine (T) - proline 

(P) - asparagine (N), H5-LE1-LE2 positions of ar/R filter was conserved. While in 

CaSIP1;2 H2 position couldn’t be located, CaSIP1;1 possessed phenylalanine (F) residue. 

With A-A-Y-W aminoacids, both CaSIPs have conserved P2-P5 positions.  
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4.2.2.5. CaXIPs 

The first NPA was modified to NPV in CaXIP1;1 and to SPV in CaXIP1;2 (Table 

4.4). In both CaXIP members, second NPA motif was stretched to NPARC motif, a 

characteristic feature of XIPs. With aminoacids I (H2), T (H5), A (LE1) and R (LE2), 

ar/R filter was found to be similar in both CaXIP1;1 and CaXIP1;2. Even P1-P5 positions 

were found to be identical in both CaXIP members with V (P1), C (P2), A (P3), F (P4) 

and W (P5) aminoacids (Table 4.4). With V- V- H- P- E- I- T- T- K residues, SDP 

analysis revealed CaXIPs to be boric acid transporters (Table 4.5). Because of 

substitution of G for D (SDP6) in CaXIP1,1 and G for D (SDP6), W for D (SDP8) in 

CaXIP1;2, they could be considered as novel CO2 transporters. While with residues A- G- 

L- V- L- H- F- V- P, CaXIP1;1 was found as typic H2O2 transporter, with residues A- G- 

L- V- A- H- F- V- P, CaXIP1;2 could be novel H2O2 type transporter as A residue was 

substituted in the place of I/L/V at SDP5 (Table 4.5). 

 

4.2.3. Motif Organisation of CaAQP Proteins 

 Across five subfamilies of CaAQPs, motif organisation was elucidated in Figure 

4.4 and the information regarding the motifs was given in Figure 4.5. In all CaAQPs 

except CaNIP4;3 and CaPIP2;1, motif-2 was recognised indicating that C-terminus of 

CaAQPs was highly conserved in comparison to N-terminus. Motif-1 defining 2nd NPA 

was found in CaAQPs except CaNIP4;3 (NPA was replaced by NPT), CaNIP4;4 and 

CaPIP2;1 (NPA was not found). Motif-3 corresponding to 1st NPA domain was identified 

in all CaAQPs except CaSIPs (as NPA was replaced by NPT (CaSIP1;1) and NPS 

(CaSIP1;2)) and in CaTIP1;1, CaTIP1;3, CaTIP1;5, CaTIP1;9, CaTIP1;14 (NPA motif 

was absent). In all CaAQPs except CaNIP4;3, CaNIP4;4, CaPIP1;1, CaPIP2;2, CaSIP1;1, 

CaSIP1;2, CaTIP1;1 and CaTIP1;15, motif-4 was seen. In CaPIP subfamily members 

(except CaPIP2;7) only, motif-5 was found. Members of CaTIP subfamily excluding 

CaTIP1;1, 1;3, 1;4, 1;5, 1;9 and CaTIP1;14 have shown the presence of motif-8 which 

was distinctively found in only CaTIP. Only in members of CaPIP and CaTIP (except 

PIP2;7, TIP1;1, TIP1;3, TIP1;5, TIP1;9, TIP1;14 and TIP4;1), motif-10 was seen. In 

CaSIPs and CaXIPs, motif organisation was conserved.
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Figure 4.4 Motif organisation of five subfamilies of CaAQPs 
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Figure 4.5 Motifs Stretched present in CaAQP Proteins
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4.2.4. Sequence Similarities among CaAQP Proteins 

Sequence similarity studies revealed an enormous diversity both within CaAQP 

families and between CaAQP subfamilies. Within CaPIPs, CaSIPs, CaNIPs, CaXIPs and 

CaTIPs, there observed sequence similarity of 6.54-99.28%, 12.09%, 5.69-22.80%, 16.87% 

and 7.08-99.62% respectively. Subfamily CaNIP shared a sequence similarity of 7.50-

24.56% with CaTIP, 8.77-18.69% with CaSIP, 9.47-21.40% with CaPIP and 9.34-21.21% 

with CaXIP. This result revealed high sequence similarity of CaNIP subfamily with CaTIP 

subfamily and low sequence similarity with CaSIP subfamily. CaPIPs showed highest 

sequence similarity of 6.29-27.20% with CaTIPs, lowest of 11.21-16.84% with CaXIPs and 

moderate sequence similarity of 6.45-18.18% with CaSIPs. Sequence similarities of 8.87-

22.40% and 9.16-18.77% were found between CaTIPs-CaSIPs and CaTIPs-CaXIPs 

correspondingly. A sequence similarity of 13.70-17.76% was found between CaSIPs and 

CaXIPs. 

 

4.2.5. Distribution of CaAQP Genes on Chromosomes, Gene Structure, Promoter and 

Selection Pressure Analysis of CaAQP Genes. 

 Five genes (CaNIP4;4, CaNIP4;5, CaTIP1;3, CaTIP1;4 and CaTIP2;2) among 50 

CaAQPs, were present on a pseudo chromosome (Chromosome (Chr)-0)- a representation of 

of all the scaffolds that weren’t assembled into the genome (Chr1-Chr12). Remaining 45 

CaAQP genes were irregularly mapped on the chilli chromosomes (Figure 4.6).  CaAQP 

genes’ location on chromosome revealed a wide and uneven distribution in chilli genome. 

Chromosome 1 and chromosome 6 had seven genes (15%). While six genes (13%) were 

found on Ch43 and Chr11 each, five genes (11%) were found on Chr2. Four genes (8%) were 

mapped on Chr10 and three genes (6%) were mapped to Chr8. Chromosomes 4 and 9 had 

two (4%) genes each. Only one (2%) gene was found each on Chr5, Chr7 and Chr12. On chr1  

(between CaTIP1;5 and CaTIP1;6, CaTIP1;6 and CaTIP1;7, CaTIP1;7 and CaTIP1;8), Chr6 

(between CaPIP2;1 and CaPIP2;7), Chr9 (amid CaPIP2;2 and CaPIP2;6) and Chr11 (among 

CaTIP1;9 and CaTIP1;10), tandem duplication events were identified and based on criteria 

given by Hanada et al. [247], these identified genes were regarded as tandem duplicated 

genes (Figure 4.6) 
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Figure 4.6 Distribution of CaAQP genes on Capsicum annuum chromosomes. 

Genes within red bracket represent tandem gene duplication events
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Pictorial representation of exon - intron organization of CaAQPs was illustrated in 

Figure 4.7. Members of NIP subfamily genes (CaNIP1;1, 1;2, 3;1, 4;1, 4;2, 4;5 and 6;1) 

showed four introns, two CaNIPs (CaNIP4;6 and CaNIP7;1) showed three introns and 

CaNIP4;3, CaNIP4;4 genes identified to have only one intron. In PIP subfamily, eight 

genes (CaPIP1;1, CaPIP1;2, CaPIP1;3, CaPIP1;4, CaPIP1;5, CaPIP2;3, CaPIP2;4 and 

CaPIP2;5) showed the presence of three introns while CaPIP2;2, CaPIP2;6 and CaPIP2;8 

had two introns. Among CaPIP genes, CaPIP2;7 had one intron while CaPIP2-1 

possessed no intron. Among CaTIP subfamily, 14 CaTIPs (CaTIP1;4, CaTIP1;6, 

CaTIP1;7, CaTIP1;8, CaTIP1;10, CaTIP1;11, CaTIP1;15, CaTIP2;1, CaTIP2;2, 

CaTIP2;3, CaTIP3;1, CaTIP3;2, CaTIP4;1 and CaTIP5;1) displayed two introns while 

three CaTIPs (CaTIP1;2, CaTIP1;5 and CaTIP1;12) exhibited one intron and five CaTIPs 

(CaTIP1;1, CaTIP1;3, CaTIP1;9, CaTIP1;13 and CaTIP1;14) had no intron. While 

CaSIP1;1 recognised to have two introns, CaSIP1;2 had only one intron. CaXIP genes 

showed two introns each.  Evolution pressure was analysed by determining Ka/Ks and 

results recorded purifying or negative selection in all CaAQP genes with Ka/Ks < 1. 

Collective, 331 MYBS ABRE copies, 39 DRE/CRT copies, 54 ABRE copies, and 45 

LTRE copies were recognised in CaAQP genes’ promoter regions (Figure 4.8). 
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Figure 4.7 Exon-Intron structures of CaAQP Genes 
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Figure 4.8 Analysis of the stress-responsive Cis-Elements - ABRE, DRE/CRT, LTRE and MYBS in promoters of CaAQP Genes
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4.2.6. Comparitive Modeling of CaAQP proteins 

 As a part of final quality check, all CaAQP proteins were subjected to homology 

modelling by means of Phyre2 (Table 4.6). Examined results detected the presence of six 

TM helices (TM1- TM6) in 40 CaAQPs while the rest of them displayed loss of TM 

regions. Yet, possibly they could be modelled with six transmembrane helices. Further, 

tertiary protein structure analysis of CaAQPs confirmed hourglass like structure for all 

CaAQPs except CaTIP1;1, CaTIP1;3 and CaTIP1;5. 
 

4.2.7. Expression Protfiles of CaAQP Genes in Response of Drought Stress 

 Drought induced differential expression profiles of CaAQP genes were illustrated 

in Figure 4.9. In drought tolerant genotype, transcript abundance of most of CaAQP genes 

was increased in comparison to susceptible genotype (Figures 4.10, 4.11). Interestingly, 

in drought tolerant genotype, number of genes up-regulated in roots were more than in 

leaves while in susceptible genotype, number of genes up-regulated in leaves was more in 

comparison to roots.  
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Table 4.6 3D Protein Structure Prediction of the CaAQP Proteins using Phyre2. 

S.No Protein  
Alignment 
coverage 

(%) 

Confidence 
(%) Identity (%) 3D model 

 
 

Template Information 
 
 

1 CaNIP1-1 88 100 18 

 

 
 

 
Crystal structure of 

P.pastoris aquaporin, 2 
aqy1 

2 CaNIP1-2 87 100 21 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

3 CaNIP3-1 87 100 24 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

4 CaNIP4-1 85 100 17 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

5 CaNIP4-2 93 100 20 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

6 CaNIP4-3 46 99.6 17 

 

 
 
 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 
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7 CaNIP4-4 98 100 28 

 

 
 

Crystal structure of human 
AQP10 

8 CaNIP4-5 90 100 22 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

9 CaNIP4-6 100 100 26 

 

 
 

X-ray structure of lens 
aquaporin-0 (aqp0) (lens 

mip) 

10 CaNIP6-1 80 100 25 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

11 CaNIP7-1 92 100 26 

 

 
 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

12 CaPIP1-1 95 100 27 

 

 
 

Crystal Structure of 
integral membrane protein 

aqpm 

13 CaPIP1-2 85 100 31 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 
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14 CaPIP1-3 88 100 32 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

15 CaPIP1-4 85 100 32 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

16 CaPIP1-5 87 100 31 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

17 CaPIP2-1 50 98.3 70 

 

 
 

Crystal structure of 
spinach aquaporin 

SoPIP2;1 

18 CaPIP2-2 92 100 31 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

19 CaPIP2-3 82 100 29 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

20 CaPIP2-4 88 100 30 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 
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21 CaPIP2-5 85 100 40 

 

 

Aquaporin Like 

22 CaPIP2-6 89 100 32 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

23 CaPIP2-7 94 100 42 

 

 
 

Aquaporin Like 

24 CaPIP2-8 89 100 29 

 

 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

25 CaSIP1-1 97 100 20 

 

 
 

Aquaporin Like 

26 CaSIP1-2 95 99.9 21 

 

 
 

Aquaporin Like 

27 CaXIP1-1 77 100 24 

 
 

 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 
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28 CaXIP1-2 75 100 23 

 

 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

29 CaTIP1-1 90 99.9 30 

 

 
 

Aquaporin like 

30 CaTIP1-2 93 100 59 

 

 
 

Ammonia Permeable 
aquaporin AtTIP2;1 

31 CaTIP1-3 87 100 37 

 

 
 

Aquaporin-like 

32 CaTIP1-4 88 100 25 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 

33 CaTIP1-5 82 100 37 

 

 
 

Aquaporin-like 

34 CaTIP1-6 91  
100 

 
 

28 

 

 
 

Aquaporin-0 (aqp0) (lens 
mip) 
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35 CaTIP1-7 92 100 31 

 

 
 

Aquaporin-like 

36 CaTIP1-8 88 100 47 

 

 
 

Ammonia Permeable 
aquaporin AtTIP2;1 

37 CaTIP1-9 94 100 33 

 

 
 

Aquaporin-like 

38 CaTIP1-10 92 100 49 

 

 
 

Ammonia Permeable 
aquaporin AtTIP2;1 

39 CaTIP1-11 87 100 26 

 

 
 

Aquaporin-0 (aqp0) (lens 
mip) 

40 CaTIP1-12 96 100 63 

 

 
 

Ammonia Permeable 
aquaporin AtTIP2;1 

41 CaTIP1-13 89 100 27 

 
 

 
 
 

Aquaporin Like 
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42 CaTIP1-14 95 100 36 

 

 
 

Aquaporin Like 

43 CaTIP1-15 88 100 39 

 

 
 

Ammonia Permeable 
aquaporin AtTIP2;1 

44 CaTTIP2-1 95 100 85 

 

 
 

Ammonia Permeable 
aquaporin AtTIP2;1 

45 CaTIP2-2 94 100 81 

 

 
 

Ammonia Permeable 
aquaporin AtTIP2;1 

46 CaTIP2-3 94 100 83 

 

 
 

Ammonia Permeable 
aquaporin AtTIP2;1 

47 CaTIP3-1 91 100 56 

 

 
 

Ammonia Permeable 
aquaporin AtTIP2;1 

48 CaTIP3-2 90 100 57 

 
 

 
 
 

Ammonia Permeable 
aquaporin AtTIP2;1 
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49 CaTIP4-1 95  
100 

 
53 

 

 
 

Ammonia Permeable 
aquaporin AtTIP2;1 

50 CaTIP5-1 95 100 26 

 

 
 

Crystal structure of 
P.pastoris aquaporin, 2 

aqy1 
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Figure 4.9 Heatmap depicting Drought Induced Gene Expression of CaAQP Genes. Heat 

map showing hierarchal clustering of relative expression of all CaAQP genes across two 

different tissues (leaf and root) analyzed in two different genotypes.   The horizontal 

colour scale at left of the image represents expression values: dark blue indicated low 

transcript abundance while light blue indicates high transcript abundance. 
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Figure 4.10 Expression Profiles of CaAQP Genes in Leaf Tissue of KCa-1 and KCa-19. Bars represent mean values of three biological 

replicates, each with three technical replicates ± SD. **** indicates significant difference at P <0.0001, *** indicates significant difference 

at P =0.0005 and * indicates significant difference at P =0.0315 between two genotypes. ns indicates non-significant difference between the 

genotypes. 
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Figure 4.11 Expression Profiles of CaAQP Genes in Root Tissue of KCa-1 and KCa-19. Bars represent mean values of three biological 

replicates, each with three technical replicates ± SD. **** indicates significant difference between two genotypes at P <0.0001, ns indicates 

non-significant difference between two genotypes. 
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Up-regulation of CaNIP4;1, CaNIP7;1, CaPIP1;5, CaPIP2;3, CaPIP2;6, CPIP2;8, 

CaTIP1;6, CaTIP1;7, CaTIP1;10, CaTIP1;12, CaTIP1;13, CaPIP2;2, CaTIP3;1, CaTIP3;2, 

CaTIP5;1, CaXIP1;1, CaXIP1;2 genes was found specific in KCa-1 leaf tissues under 

drought (Figure 4.12A). In KCa-19, up-regulation of only three genes viz., CaNIP1;2, 

CaNIP3;1 and CaTIP2;1 was found specific. A total of 15 genes viz., CaNIP1;1, CaNIP4;2, 

CaNIP4;5, CaNIP4;6, CaNIP6;1, CaPIP1;2, CaPIP1;4, CaPIP2;5, CaPIP2;7, CaTIP1;2, 

CaTIP1;4, CaTIP1;11, CaTIP2;3, CaTIP4;1 and CaSIP1;1were detected to be increased in 

leaf tissue of both genotypes (Figure 4.12A).  

Only one CaAQP (CaPIP2;3) was observed to be up-regulated in root tissues, of 

KCa-19 while 20 (CaNIP1;2, CaNIP3;1, CaNIP4;1, CaNIP4;5, CaNIP4;6, CaNIP7;1, 

CaPIP1;3, CaPIP2;2, CaPIP2;4, CaPIP2;7, CaTIP1;2, CaTIP1;4, CaTIP1;8, CaTIP1;10, 

CaTIP1;12, CaTIP2;3, CaTIP3;1, CaSIP1;1, CaXIP1;1, CaXIP1;2) CaAQPs in KCa-1 

(Figure 4.12B). Fifteen CaAQP genes (CaNIP1;1, CaNIP4;2, CaNIP6;1, CaPIP1;1, 

CaPIP1;2, CaPIP2;5, CaPIP2;6, CaTIP1;6, CaTIP1;7, CaTIP1;11, CaTIP1;13, CaTIP2;2, 

CaTIP3;2, CaTIP4;1 and CaTIP5;10) were recognised to be augmented in both the genotypes 

(Figure 4.12B) 

 

 
 

Figure 4.12 Venn diagram depicting CaAQP genes up-regulated in Leaf and Root Tissues 
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4.3. Discussion of Results 

4.3.1 Functional Deduction of CaAQPs 

 Aquaporins are integral membrane proteins widely known to be concerned with 

transport of water and small solute molecules. They are reported to have an indispensible role 

in maintaining water balance in plants. While, other animals possessed only small number of 

AQPs, plants acquired large number of AQPs, reiterating their significance in flow of water 

and other molecules for growth and in the adaptive responses in plants against biotic and 

abiotic stress. Studies revealed prominent role of AQPs in diverse physiological processes. In 

addition, there is growing evidence which indicate indispensible role of aquaporins in 

alleviation of drought stress. Understanding the potential role of aquaporins, the present 

objective of the work aimed at comprehensive identification, characterization of AQPs and 

understanding aquaporin transport system in hot pepper.  

In the present investigation, fifty AQP genes were identified in Capsicum annuum. 

Plant species incorporate high number of AQP genes in comparison to animals [75] The 

number of AQP genes found in Capsicum annuum is almost invariable to the number of 

CAQP genes found in Solanum lycopersicum (47) [248] Solanum tuberosum (47) [92] of 

Solanaceae members. Phylogenetic analysis clustered 50 CaAQPs into five subfamilies viz., 

CaNIPs (11), CaPIPs (13), CaTIPs (22), CaSIPs (2) and CaXIPs (2). Most of the plant 

species do not carry XIP subfamily. Only few dicotyledonous plants like potato and tomato 

are identified to possess XIP subfamily. 

In addition to transporting water molecules, aquaporins also transport solutes such as 

CO2, H2O2, glycerol, because of which, they play significant role in plant nutrition, 

metabolism and signalling. Plant aquaporins display high diversity in substrate specificity for 

transportation [82]. Pair of NPA motifs, residues in ar/R filter specifies the specificity of pore 

to a substrate [27]. Dual NPA motif severs for proton exclusion [83] and ar/R constriction 

provides pore constriction thereby serving as size exclusion barrier [84, 85]. In addition, ar/R 

constriction provide hydrophilic environment which facilitates water movement in 

aquaporins while in aqua-glyceroporins, residues are hydrophobic which facilitate transport  
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of urea, glycerol and other polyols [83]. Also, residues at Froger’s positions (P1-P5) help in 

differentiating aquaporins and aqua-glyceroporins [86]. Specificity Determining Positions 

(SDPs) help in identifying the specificity of aquaporins towards substrates other than water 

[27]. To investigate and comprehend aquaporin substrate specificity, functional 

characterisation of chilli aquaporins was accomplished by exploring NPA motifs, ar/R 

selectivity filter residues, Froger’s positions and SDPs.  

NIPs were branched into two sub-groups (NIP-I and NIP-II) based on the residues 

present in ar/R constriction [249]. In the same way, CaNIPs were also divided into two 

groups NIPI sub-group (CaNIP1;1, CaNIP1;2, CaNIP3;1, CaNIP4;1, CaNIP4;2, CaNIP4;3, 

CaNIP4;4, CaNIP4;5 and CaNIP4;6) and NIPII sub-group (CaNIP6;1 and CaNIP7;1). All 

CaNIPs from NIPI sub-group had conserved (W-V/I-A-R) ar/R constriction except CaNIP4;3 

and CaNIP4;4. Conserved ar/R constriction (W-V/I-A-R) in CaNIPs resembled soybean 

Nodulin 26 implying their role in solute transport in addition with water [250, 251]. Members 

of NIP-I sub-group from Solanum lycopersicum [248] and Solanum tuberosum [92] were also 

reported to have similar ar/R constriction (W-V/I-A-R). Members of CaNIP-II sub-group 

possessed a non conservative ar/R filter (A/S-I/V-A/G-R). Replacement of Ala/Ser to Trp at 

H2 position resulted in distinct transport specificities in NIP-II sub-group. According to the 

studies of Wallace et al., [252], substitution at H2 position is one of the reasons for different 

transport selectivity in NIPII sub-group in comparison to NIPI sub-group. CaNIPs (CaNIP1;1 

and CaNIP1;2), had W-V-A-R ar/R selectivity filter and F-S-A-Y-L Froger’s positions which 

is similar to that of GmNOD26 indicating their role in transportation of ammonia. In cereal 

crops, NIPII sub-group members were found as Si transporters [253-255] with G-S-G-R ar/R 

filter and I/L-T-A-Y-F Froger’s positions [27]. But no CaNIP-II members contain these 

signature residues. NIP-II sub-group members in Arabidopsis thaliana (AtNIP5;1, AtNIP6;1 

and AtNIP7;1) were found to be Boron transporters [256, 257]. SDP analysis showed that 

CaNIP6;1 and CaNIP7;1 possessed typical Boron transport residues. Distinct substrate 

transport specificities are shown by NIPI and NIPII sub-groups. While water and small 

uncharged molecules are permeable through NIP-I sub-group members [250], large solutes 

are permeable through NIP-II subgroup members which are further impermeable to water  
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[258]. Many NIP-I subgroup proteins in Arabidopsis thaliana, Oryza sativa, Solanum 

lycopersicum, Zea mays revealed presence of CDPK Phosphorylation sites in C- terminus 

[252]. Accordingly even in three CaNIPs (CaNIP1;1, CaNIP1;2 and CaNIP4;5 CDPK 

phosphorylation recognition sites were observed in C-terminus. Presence of these sites would 

result in water permeability [259, 260]. 

Among members of AQPs, PIPs were found to be preferably localised to plasma 

membrane [261]. Plant PIPs comprise two subgroups namely PIP1 encompassing five 

isoforms viz., PIP1;1-PIP1;5 and PIP2 subgroup encompassing eight isoforms viz., PIP2;1, 

PIP2;2, PIP2;3, PIP2;4, PIP2;5, PIP2;6, PIP2;7 and PIP2;8 [90]. In accordance to these 

reports, CaPIPs were also divided into two subgroups PIP1 (CaPIP1;1-CaPIP1;5) and PIP2 

subgroup (CaPIP2;1- CaPIP2;8). Many reports gave evidence on the potential role of PIP 

subfamily members in transport of water across symplast [262]. All CaPIPs except CaPIP1;1 

and CaPIP2;1 possessed ar/R residues that is quintessential for water transport (F-H-T-R). 

The same configuration is highly conserved in PIPs of Solanum lycopersicum [248], Solanum 

tuberosum [92], Arabidopsis thaliana [77], Beta vulgaris [94]. Interestingly, these residues 

are also similar to hydrophilic resiudes of ar/R filter in human AQP1 (F-H-C-R) and in 

Cicadella viridis AQPcic (F-H-S-R) [263] which emphasize the role of PIPs in water 

transport. According to Reuscher et al., [248] substitution of T for C/S at LE1 position was a 

plant specific interchange as it was seen in many plant species. All members of CaPIPs 

exhibited PIP1 and PIP2 subgroup specific residues, which were in harmony with PIPs 

present in tomato. Residues I and V after 2nd NPA motif present in CaPIP1s and CaPIP2s 

respectively. According to Suga and Maeshima [264], these residues were critical for water 

transport activity. Phosphorylation at serine residues was important in regulating the water 

channel activity of SoPIP2;1 [265]. Present research revealed the presence of 

phosphorylation sites in CaPIPs that would definitely increase water transport activity. Along 

with water transport, PIPs are also known to transport H2O2 [266], CO2 [267], boric acid 

[268] and Urea [269]. SDP analysis in the present work revealed CaPIPs harboured boric 

acid, urea and H2O2 type SDPs. 
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TIPs enhance the permeability of water across tonoplast as, TIPs are highly localized 

to vacuolar membrane. TIPs are clustered as five subgroups (TIP1, TIP2, TIP3, TIP4 and 

TIP5) [77]. In line with the above division, CaTIPs were also divided into five subgroups 

viz., CaTIP1 (CaTIP1;1- CaTIP1;15), CaTIP2 (CaTIP2;1, CaTIP2;2, CaTIP2;3), CaTIP3 

(CaTIP3;1, CaTIP3;2) and CaTIP4 (CaTIP4;1) and CaTIP5 (CaTIP5;1). 

All CaTIP2 subgroup members possessed dual NPA motifs, SGGH(V/L/F)NPAVT 

and G(G/A)SMNPARS(F/L)G around 1st NPA and 2nd NPA motifs respectively, H-I-G-R 

residues in ar/R filter and S-A-Y at Froger’s P2-P4 positions which is actually signature for 

plant NH3 transporters according to Hove and Bhave [27]. This suggested the possible role of 

CaPIP2 members in transportation of ammonia. As H-I-G-R type ar/R filter was proved to 

transport formamide experimentally [270], CaTIP2 group members might assist in movement 

of formamide. Several studies reported TIPs transporting urea [271]. Our results were in 

accordance as members of CaTIP2, CaTIP3, CaTIP4 and CaTIP5 subgroups harboured urea 

type SDPs.  

 SIPs were divided into two subgroups SIP1 and SIP2. Water channel activity was 

found only in SIP1 subgroup and not in SIP2;1 [272]. The CaSIP subfamily comprised of 

two members (CaSIP1;1, CaSIP1;2) forming CaSIP1 subgroup. A less conserved first NPA 

motif and highly conserved 2nd NPA motif were found in CaSIPs, which were in line with 

SIPs found in tomato. Both CaSIP members exhibited multiple K residues in C-terminus. 

According to Johanson and Gustavsson [273], occurrence of K residues is a distinguishing 

feature of SIP subfamily. Both CaSIP members carried Y-W at P4 and P5 positions which is 

also known to be a characteristic aspect of SIP subfamily [273]. 

Phylogenetic analysis divided XIP family into two subgroups (XIP1 and XIP2) [232]. 

CaXIPs include only two members constituting XIP1 subgroup. The Froger’s positions and 

ar/R filter were identical with that of XIPs reported in tomato and potato. Also, CaXIPs 

revealed presence of NPA inside the limits of a extended conserved motif (P- Ψ -S/T-G- G- 

H/F- Ψ -N/S- P- Ψ/T -for 1st NPA motif and G- Ψ - G/S - Ψ - N/S- P- A/S- R– C- Ψ for 2nd 

NPA motif) which is a characteristic feature of XIP family [232], where Ψ is  a hydrophobic 

amino acid residue. Owing to the presence of three hydrophobic residues in ar/R filter (I-T- 
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A), CaXIPs presumably involve in movement of molecules excluding water. SDP analysis 

revealed CaXIPs to be boric acid transporters. Experiments on XIP1 paralogues from potato, 

tobacco and tomato reported transport of substrates like B, H2O2 [261]. 

 

4.3.2 Aquaporin Gene Expression under the Influence of Drought Stress 

 Drought interrupts plant water relationships. To counterattack drought and its effects, 

precise water regulation is prerequisite and aquaporins are integral membrane proteins which 

play an irreplaceable and indispensable role in sustaining the balance of water in plant 

system. Apart from facilitating transport of water, AQPs are known to transport other solutes. 

Several investigations, reported the role of AQPs in physiological processes such as 

transpiration, plant hydraulics, cell elongation and differentiation [76].  

 Present research revealed drought induced differential expression in studied 

genotypes. Differential expression of AQP genes was reported due to drought in Arabidopsis 

thaliana [96], salt and heat stress in Beta vulgaris [94] and salinity, drought and biotic stress 

in sweet orange [274]. Although, enormous research has been carried out to explore and 

dissect the role of AQPs in plant water relations and plant drought tolerance, few facets such 

as whether drought stress induces up-regulation or down-regulation were poorly understood. 

As proposed by few researches, under water stress conditions, plants increase AQP transcript 

levels to enhance water permeability, while few researchers propose that plants tend to 

reduce AQP transcript abundance to reduce water permeability to avoid loss of water [275]. 

Differences in AQP’s expression in response to water deficit emphasize the fact that different 

AQPs contribute differently to regulate water transport in plants [276]. 

4.3.3 Genotypic specificity and tissue specificity of Aquaporin Expression 

 Present work unveiled expression of AQPs to be genotype specific. Expression of 

VvPIP1;1 was increased under drought conditions in anisohydric cultivar where as there was 

no increase in transcript abundance in isohydric cultivar of Vitis vinifera [277]. Aforesaid 

results propose that different genotypes respond in different ways to drought and the 

response often depends on the genotype’s tolerance towards water deficit, intensity and 
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duration of stress. Also, expression of drought induced genes which were specific to 

genotype was reported [278-281]. 

The degree of up-regulation and down-regulation was also varied between two 

genotypes studies in the present investigation. In KCa-1, along with CaPIP1 members 

CaPIP2 members (CaPIP2;3, 2;5, 2;6, 2;7 & 2;8 in leaves; CaPIP2;2, 2;4, 2;5, 2;6 & 2;7 in 

roots) were observed to be up-regulated. In contrast, along with CaPIP1 subgroup members,  

only few CaPIP2 members viz., CaPIP2;5 & 2;6 in leaves; CaPIP2;3, 2;5 & 2;6 in roots were 

up-regulated in KCa-19. Down regulation of CaPIP2 members might resulted in impairment 

of water transport activity in KCa-19 which might made it drought susceptible. In KCa-1 up-

regulation of both PIP1 and PIP2 members might have resulted in drought tolerance. 

According to Fetter et al., [282] PIP1 members stand in need of the presence of PIP2 

members to become potent water channels in cell membrane. 

 In totality, 20 CaTIPs were noted to be up-regulated in KCa-1 and only 14 in KCa-19. 

Both root and leaf tissues of KCa-1 had increased transcript abundance of CaTIP1;2 but the 

increase was only in leaves of KCa-19. This might have bestowed better tolerance in KCa-1 

than in KCa-19. Ectopic over-expression of TIP1;2 in transgenic Arabidopis thaliana 

enhanced tolerance towards oxidative stress, salt and drought stress [283]. Drought induced 

up-regulation of HvTIP3;1 and HvTIP4;1 was described in Kurowska et al., [284]. In 

addition, alleviation of stress was explained due to increased expression of HvTIP3;1. Our 

results were in line with the report as KCa-1 revealed up-regulation of CaTIP3;1 and 

CaTIP4;1 whereas KCa-19 revealed to have up-regulation of only CaTIP4;1. Increased 

transcript abundance of CaTIP3;1 in KCa-1 would be one reason for conferring tolerance.  

Due to their less water permeability, much attention has not been laid on studying the 

role of NIPs under water deficit conditions. In the current work, differential expression of 

CaNIPs in leaves and roots under drought was observed in both genotypes. A total of 16 

CaNIPs were seen to be augmented in KCa-1 while only ten in KCa-19. Increase in CaNIP 

transcript abundance induced by drought was stated in Sorghum bicolor [285]. Conversely, 

stress induced down-regulation of NIPs was observed in potato [92]. Current research  
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witnessed up-regulation of CaNIPs and this could have resulted in tolerance towards drought 

in KCa-1, in view of NIP’s ability to transport other solutes like boric acid which is known to 

mitigate drought stress.Besides, stress induced increase in phosphorylation of NIPs has been 

reported [286], which would highlight the key role in NIPs in plant stress response.   

Even though, SIPs are known to have moderate water transport function [287] effect 

of stress on SIP’s expression is largely unidentified. Experimentally, it was found that SIP1;1 

and SIP1;2 function as water channels in Endoplasmic Reticulum of Arabidopsis thaliana 

[272]. Experiments revealed that tolerance of transgenic banana to chilling and drought 

stresses was enhanced due to over expression of MaSIP2;1 [288]. In the present work, 

drought induced up-regulation of CaSIPs in both the tissues was observed in KCa-1 which 

probably resulted in tolerance in KCa-1 genotype. Present research unveiled significant 

increase and decrease of CaXIP transcripts in KCa-1 and KCa-10 respectively.  

Heterologous expression studies manifested the ability of Solanaceae XIPs to 

transport boric acid, urea and glycerol with imperceptible water permeability [261]. 

Regardless of less water permeability, drought regulated XIP1 was described in grapevine 

[289]. Besides, heat stress induced up-regulation of XIP1;1 and salt stress induced down-

regulation of the same was proclaimed in Beta vulgaris [94]. Amplified transcript abundance 

of XIP members in KCa-1 would have alleviated the drought stress in the present work, as 

XIP1 members are well known being permeable to solute molecules such as boric acid and 

H2O2. AQPs were found to be ubiquitous in all tissues of plants. Also, expression of AQPs is 

prone to spatial and temporal regulation [96].  

Expression patterns of CaAQPs were different in root and leaf tissues in the current 

work. Divergent drought induced expression pattern of PIP1;1 and PIP1;3 in roots and leaves 

roots was found in Gossypium hirsutum [290]. While in leaves up-regulation of CaPIP1;4, 

CaPIP1;5, CaPIP2;3 and CaPIP2;8 genes was observed, the same genes were observed to be 

down-regulated in root tissues of KCa-1 genotype. Transcript abundance of CaNIP1;2, 

CaNIP3;1, CaPIP1;1, CaPIP2;2, CaPIP2;4 and CaTIP1;8 was increased in roots yet, it was 

decreased in leaves. Although, results revealed the presence of common up-regulated genes  
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in both the tissues, the degree of up-regulation of CaPIPs was relatively higher in leaves than 

in roots affirming the role of PIPs in hydraulic conductance. 

Tolerant genotype exhibited increase in transcript abundance of CaSIP1;1 and 

CaXIP1;2 in roots and leaves sequentially. While the transcript abundance of of the same 

genes was low in leaves (CaSIP1;1) and roots (CaXIP1;2) serially. CaAQP genes (CaNIP1;2, 

CaNIP3;1, CaNIP4;5, CaNIP4;6, CaPIP1;4, CaPIP2;7, CaTIP1;2, CaTIP1;4, CaTIP2;1, 

CaTIP2;3, CaSIP1;1) were discovered to be up-regulated in leaves and down-regulated in 

roots of KCa-19. Genes viz., CaPIP1;1, CaPIP2;3 CaPIP2;6, CaTIP1;6, CaTIP1;7, 

CaTIP1;13, CaTIP2;2, CaTIP3;2 and CaTIP5;1 were assessed to be up-regulated and down-

regulated in root and leaf tissues sequentially. Tissue specificity of AQP’s expression was 

reported in Sonah et al., [291]. Studies deployed to assimilate aquaporin functions in diverse 

tissues will produce comprehensible insights which would further facilitate to understand 

precise role of AQP isoforms.  
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5.1. Materials and Methods 

 In the present work, Quantitative Trait Loci (QTLs) were mapped in F2, incorporating 

phenotypes of F3 progeny. Phenotypic studies were performed in green house of Herbal 

Garden, Acharya Nagarjuna University, Guntur, Andhra Pradesh (16.37o66’N and 

80.52o75’E, altitude- 30 m above sea level) and in Plant Biotechnology Lab, Department of 

Biotechnology, K L E F, Andhra Pradesh. Genotypic studies were carried out in Molecular 

Biology Lab, Department of Biotechnology, K L E F, Guntur, AP.  

 

5.1.1. Plant Material 

 For genotypic and phenotypic studies, the mapping population was developed from 

the cross between two parents KCa-1 and KCa-2 differing in tolerance towards drought. 

Among the two genotypes, KCa-1 was drought tolerant while KCa-2 was susceptible.   

 

5.1.2. Construction of Linkage Map 

5.1.2.1. Genetic Material 

 The genetic material evaluated in the present work constituted one hundred 

segregating population (F2), one generation earlier than the generation that was evaluated for 

phenotypic traits, derived from single F1 plant obtained from the cross between KCa-1 and 

KCa-19.  

 

5.1.2.2. Screening of Genetic Markers 

 A total of 119 SSR markers (Table 5.1), 40 CaAQP gene specific markers (Tables 

4.1, 5.2) and 30 CaPRR gene specific markers (Table 5.3) were utilised to check the parents 

of mapping population namely KCa-1 and KCa- 19 for polymorphism. From the parents, 

DNA was isolated using CTAB extraction method. Fresh young leaf samples (45 Days after 

Sowing (DAS)) were collected aseptically to extract genomic DNA. With the help of Liquid 

Nitrogen, leaves were homogenized in mortar, pestle and the suspension is poured into 1.5 

ml micro centrifugation tube. To this tube, 500µl of preheated (at 65oC for 30 min) extraction 

buffer (1.5 M NaCl, 100 mM Tris- HCl (pH-8), CTAB (2% w/v), 20 mM EDTA) was added  
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and incubated at 65oC for 30 min. Contents were mixed intermittently to make uniform 

suspension. 

Samples were allowed to cool to room temperature and for each sample 500µl of 24:1 

chloroform-isoamyl alcohol was added and mixed slowly for a period of 15 min by inverting 

the centrifugation tubes. Contents were centrifuged (10,000 rpm) for a period of 10 min in a 

microcentrifuge (Eppendorf Minispin Plus Microcentrifuge). The top aqueous layer was 

transferred into another 2 ml micro centrifugation tube, to which 2/3rd volume of ice cold Iso-

propanol was added and mixed thoroughly.  Micro centrifugation tubes containing the 

contents were incubated for 60 min at -20°C. Post incubation, tubes were centrifuged at 

12000 rpm (10 min). Supernatant was decanted and the pellet was air dried at room 

temperature for a period of 30 min. Pellet was re-suspended in TE buffer (200 µl ) (10 mM 

Tris EDTA (pH-8)) and reserved for future use at 4o C. 

The quality, integrity of isolated DNA had checked by loading samples in 0.8% 

Agarose having 5 µl/100 ml Ethidium bromide (10 mg/ml). Quantity and purity of extracted 

DNA was further identified by determining OD at 280 and 260 nm by means of UV-Visible 

Spectrophotometer (Eppendorf BioSpectrometer, Epperndorf AG, Germany). The DNA was 

then normalised for uniformity to 5 ng/µl concentration. Post quality and quantity checks, 

DNA from both KCa-1 and KCa-19 genotypes were amplified using marker primers to 

screen polymorphism. PCR reactions containing reaction mixture of each 10 µl volume were 

performed in thermocycler (Epperdorf Mastercycler vapo protect, Eppendorf AG, Germany).  

Each reaction mixture (final concentration) is made up of 10 ng (2 µl) template 

genomic DNA, dNTP mix (1 µl) containing 0.1 mM each dNTP, 10 pM/µl each forward (0.5 

µl) and reverse (0.5 µl) primer, 1U of Taq DNA Polymerase (1 µl) (TaKaRa Bio) and 1X 

PCR buffer (1.5 µl) containing 15mM MgCl2 (TaKaRa Bio) and the final volume is made to 

10 µl with the addition of 3.5 µl of DEPC treated water. For SSR primers PCR profile started 

with initial denaturation at 94o C for 4 min, followed by 40 cycles of denaturation at 94oC for 

50 sec, primer annealing at 56o C for 50 sec and extension for 1 min at 72o C. Post 40 cycles, 

final extension at 72o C for 10 min was carried out. For gene specific primers, thermal profile 

started with intial denaturation for 4 min at 94o C, followed by 40 cycles of denaturation at 

94o C for 50 sec, primer annealing at 62o C for 50 sec, extension at 72o C for 2 min. The final  
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extension at 72o C for 10 min was performed. After the completion of amplification, PCR 

products were stored at -20o C for further use. An aliquot (10 µl) of each amplified product 

was loaded in agarose gel (2%) containing 5 µl/100 ml Ethidium bromide for gel 

electrophoresis to observe the presence of polymorphism between the parents. Banding 

pattern was recorded using gel documentation system (UVi Tech Cambridge, model- Fire 

reader-xs-D55). 
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Table- 5.1 List of SSR Markers used to detect Polymorphism between between Parents 

S.No. Marker Name Forward Primer Reverse Primer 
Amplicon 
Size 

Reference 

1 Hpms 1-1 tcaacccaatattaaggtcacttcc ccaggcggggattgtagatg 283 Lee et al., [292] 
2 Hpms1-5 ccaaacgaaccgatgaacactc gacaatgttgaaaaaggtggaagac 311 Lee et al., [292] 
3 Hpms 1-172 gggtttgcatgatctaagcatttt cgctggaatgcattgtcaaaga 344 Lee et al., [292] 
4 Hpms 1-173 tgctgggaaagatctcaaaagg atcaaggaagcaaaccaatgc 163 Lee et al., [292] 
5 Hpms 1-274 tcccagacccctcgtgatag tcctgctccttccacaactg 174 Lee et al., [292] 
6 Hpms 2-2 gcaaggatgcttgttgggtgtc tcccaaaattaccttgcagcac 146 Lee et al., [292] 
7 Hpms 2-21 tttttcaattgatgcatgaccgata catgtcattttgtcattgatttgg 295 Lee et al., [292] 
8 Hpms 2-24 tcgtattggcttgtgatttaccg ttgaatcgaatacccgcaggag 205 Lee et al., [292] 
9 Hpms-CaSIG19 catgaatttcgtcttgaaggtccc aagggtgtatcgtacgcagcctta 218 Lee et al., [292] 
10 CAN130829 gctaattacttgctccgttttg aatgggggagtttgttttgg 184 Lee et al., [292] 
11 AF208834 tgcaccaaggtccagtaaggttg ccaaccaccatggttcatacaag 201 Lee et al., [292] 
12 CM0011 tctgctttaaaacacatacat cattctaactgaaattgcatg 116 Lee et al., [292] 
13 HPMS 1-148 ggcggagaagaactagacgattagc tcacccaatccacatagacg 197 Lee et al., [292] 
14 HPMS 1–62 catgaggtctcgcatgatttcac ggagaaggaccatgtactgcagag 186 Lee et al., [292] 
15 HPMS 1–117 acccaaatttgccttgttgat aatccataaccttatcccataaa 189 Lee et al., [292] 
16 HPMS 1–168 gccccgatcaatgaatttcaac tgatttttgggtggagagaaaacc 208 Lee et al., [292] 
17 HPMS 2-9 cccgtatgtgattctaggatgg cgttagcaggtactgaggataagg 189 Lee et al., [292] 
18 HPMS 2–26 gggatgtaggaacaaccctaacc tgcatcttttcttcatcccctttc 217 Lee et al., [292] 
19 HPMSAT2–14 tttagggtttccaactcttcttcc ctaaccccaccaagcaaaacac 174 Lee et al., [292] 
20 Hpms1-6 tccataacttcacccatgagtatga gcaacacccacattcccttctc 197 Lee et al., [292] 
21 Hpms1-143 aatgctgagctggcaaggaaag tgaaggcagtaggtggggagtg 221 Lee et al., [292] 
22 Hpms1-145 agcttgtgtcataatcttgaaaaactc tgaaaagacgattttgtctaatgcg 150 Lee et al., [292] 
23 EPMS418 atcttcttctcatttctcccttc tgctcagcattaacgacgtc 178-210 Nagy et al., [293] 
24 GPMS 113 gcacaagtcaatccaaacga caaaaagatgatgatggatgaga 91-172 Nagy et al., [293] 
25 GPMS 161 cgaaatccaataaacgagtgaag cctgtgtgaacaagttttcagg 184-299 Nagy et al., [293] 
26 GPMS8 tgatgataaggccatgataaaatg ccagattctttagcaaggttta20cc 159-229 Nagy et al., [293] 
27 GPMS112 tccctcagcagcaacaattt gtcgggctctttgattgtgt 203-280 Nagy et al., [293] 
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28 GPMS117 gatgttaggtccgtgcttcg aagccccatggaagttatcc 111-177 Nagy et al., [293] 
29 GPMS178 gatttttgacatgtcacattcatg aacgttgaaaaataaagtaagcaag 230-261 Nagy et al., [293] 
30 GPMS197 gcagagaaaataaaattctcgg caatggaaatttcatcgacg 272-344 Nagy et al., [293] 
31 EPMS303 aaaactccaaactacccctgg ttaagcgtagcgcttgtgtg 291-330 Nagy et al., [293] 
32 EPMS331 aacccaatccccttatccac gcattagcagaagccatttg 92-107 Nagy et al., [293] 
33 EPMS335 atgcagagattgtcgaagcc gcagagaagactcaccagtcc 236-330 Nagy et al., [293] 
34 EPMS376 acccaccttcatcaacaacc atttgtggcttttcgaaacg 235-259 Nagy et al., [293] 
35 EPMS417 cgcatatacatacataaattctttc tcaacatctcaccgaagctg 110-126 Nagy et al., [293] 
36 EPMS441 gcacgaggaaagagagagacatag tcaacggattcagtcttccc 116-124 Nagy et al., [293] 
37 EPMS542 atccacttccccattatccc tggatgatcgagttgactgg 168-228 Nagy et al., [293] 
38 CAMS 647 cggattcggttgagtcgata gtgctttggttcggtctttc 221 Minamiyama et al., [294] 
39 CAMS 194 tcatggaaaattaacaacgcata gggggttggagaagaaagtt 245 Minamiyama et al., [294] 
40 CAMS 163 tccatatagcccgtgtgtga gcgtgggaatacaatgctaga 250 Minamiyama et al., [294] 
41 CAMS-117 ttgtggaggaaacaagcaaa cctcagcccaggagacataa 223 Minamiyama et al., [294] 
42 CAMS-142 gagcgcttaagtggtcatagg ctacaacgccccaaaacaat 241 Minamiyama et al., [294] 
43 CAMS-156 ccctatgctttcacaactcct gacgtggttatgacgataggc 181 Minamiyama et al., [294] 
44 CAMS-234 tatagcccatgggtgccttt aaaacccaatattaaccatatgcaa 157 Minamiyama et al., [294] 
45 CAMS-236 ttgtagtttgcgtaccatttga atgaatccagggttccacaa 191 Minamiyama et al., [294] 
46 CAMS-606 gactagtccccgttcaacca tttgcgagaagatgcttcag 208 Minamiyama et al., [294] 
47 CAMS-806 tgtcacaagtgtcaaggtaggag ccccaaaaattttccctcat 227 Minamiyama et al., [294] 
48 CAMS-864 ctgttgtggaagaagaggaca gcttctttttcaacctcctcct 222 Minamiyama et al., [294] 
49 CAMS-405 ttcttgggtcccacactttc aggttgaaaggagggcaata 241 Minamiyama et al., [294] 
50 CAMS-424 tccacagcccacagtgtcta gcttgtggttccgtgatttt 167 Minamiyama et al., [294] 
51 CAMS-885 aacgaaaaacaaacccaatca ttgaaattgctgaaactctgaa 248 Minamiyama et al., [294] 
52 CAMS-373 ggttgatggtccatgttcaa cctcctaccctatccccaag 230 Minamiyama et al., [294] 
53 CAMS-454 gagcctcttaatgtatctgaaaaca aattttggtgaatcgcacct 242 Minamiyama et al., [294] 
54 CAMS-811 gaagaaacgaaggatgaacaaaa cctgtttcctcttcctcagc 260 Minamiyama et al., [294] 
55 CAMS-015 tcatgttgattatgcttttgttca ccatgtattgtatgatacctgagaaa 112 Minamiyama et al., [294] 
56 CAMS-020 cagcagtaacagaggcaggtc cacaagtgagtttattcatatcacca 171 Minamiyama et al., [294] 
57 CAMS-024 tgttgaggcttgggaaaaac caagataatgggtagaaaggcaac 219 Minamiyama et al., [294] 
58 CAMS-040 tatagcctgtgggtgccttc tggggtgaacaatagcatgt 248 Minamiyama et al., [294] 
59 CAMS-051 acccagttccctttcttggt gaaggttagcggaatgaacg 151 Minamiyama et al., [294] 
60 CAMS-056 cattgtccaggctgatgttt aactcaggtacacgggataaaa 247 Minamiyama et al., [294] 
61 CAMS-065 ccagtctcatccagcagaca catatgctgctcctgcattc 213 Minamiyama et al., [294] 
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62 CAMS-070 ccctgaacttgtcctccaaa gggtatggggtgtaggtgtg 248 Minamiyama et al., [294] 
63 CAMS-072 cccgcgaaatcaaggtaat aaagctattgctactgggttcg 153 Minamiyama et al., [294] 
64 CAMS-227 tttgtcctttaattcaccttttga gcatcaaaataaggataaagttatgg 296 Minamiyama et al., [294] 
65 CAMS-237 ccttcccttgaaattgatattttac tcccctatcactcacatctgc 221 Minamiyama et al., [294] 
66 CAMS-301 ctgtccatgcttgtgatgct tgatttgtgcctcgtttgag 180 Minamiyama et al., [294] 
67 CAMS-309 gaaaatcgacccgttttgaa tcaattcggacaaaattagcaa 235 Minamiyama et al., [294] 
68 CAMS-311 ggtgcgctagagatggagag tttgagtgttcgggactggt 234 Minamiyama et al., [294] 
69 CAMS-313 cagcctgcttggctagaact tcgtcatgcatggctaatct 223 Minamiyama et al., [294] 
70 CAMS-321 ctgcaggtggttctctccat tggcactcgaaccagtatga 235 Minamiyama et al., [294] 
71 CAMS-324 aacttgatccaacggctgag tcgaaggagagaaacggttg 172 Minamiyama et al., [294] 
72 CAMS-327 gcatctaagtctacgcccttg aaagcctttggcaatgaaca 243 Minamiyama et al., [294] 
73 CAMS-330 ggctaccgccttctgactta ttcgtatctggggtgtcaaa 208 Minamiyama et al., [294] 
74 CAMS-336 ggtggaaacttgcttggaga cccagaaccatccacctact 157 Minamiyama et al., [294] 
75 CAMS-340 tttatgcccattcacaaaataa ggacgaattcaccgagtgc 250 Minamiyama et al., [294] 
76 CAMS-348 ctgaagtcggctagatgccta tcaaagctatggaggaaaagga 218 Minamiyama et al., [294] 
77 CAMS-351 cgcatgaagcaaatgtacca acctgcagtttgttgttgga 206 Minamiyama et al., [294] 
78 CAMS-358 gacccttctcccctttttctt cacatggacggatccttttt 218 Minamiyama et al., [294] 
79 CAMS-360 acggtcgattcctgtattgc gcatgctaaacccaattttctc 209 Minamiyama et al., [294] 
80 CAMS-361 ttggtgtggttaggggagag ggcgttcgaacttgtgaaat 207 Minamiyama et al., [294] 
81 CAMS-478 gagtgccatgctgattaagga cacgactgtcttgcctgaac 248 Minamiyama et al., [294] 
82 CAMS-489 taagtttgtgtcgggcatgt atggagcttgaactgggatg 240 Minamiyama et al., [294] 
88 CAMS-492 gttcaaacacttccccctca tgtcatcgttggtcgttacc 250 Minamiyama et al., [294] 
84 CAMS-494 ggtaggtgaggacccacaga aactatacccccgctgctct 247 Minamiyama et al., [294] 
85 CAMS-610 ttgggacatgacaattctgc aaacgtacattaggtagatccggta 207 Minamiyama et al., [294] 
86 CAMS-619 tcctgctctcctcagaaagtaaa gaaacaggaggaagaggaagaa 154 Minamiyama et al., [294] 
87 CAMS-635 gagattggtcggatggaaat aaaatgtcaaagtcgatcaaaca 154 Minamiyama et al., [294] 
88 CAMS-644 cgcatgaagcaaatgtacca acctgcagtttgttgttgga 206 Minamiyama et al., [294] 
89 CAMS-826 cttgatctcaagaaccagctacaa tgtacattgaagacacggaagaa 244 Minamiyama et al., [294] 
90 CAMS-838 ccaggatggtgttaagggttt gtcgcatcaatgagcatagg 229 Minamiyama et al., [294] 
91 CAMS-842 tggaaaagtagcagcagcag cgcctcctcgttcatctg 210 Minamiyama et al., [294] 
92 CAMS-844 gcaaagaaaaagaaaagcctga ctgcaactgctgcttcattc 223 Minamiyama et al., [294] 
93 CAMS-846 tctttttcctcgccatcttc cactgttatggcaaaagaggaa 189 Minamiyama et al., [294] 
94 CAMS-855 aagtgtcaaggaaggggaca cctaaccacccccaaaagtt 243 Minamiyama et al., [294] 
95 CAMS-861 gcatgcaagcttagccaac tgagattgaagctagaattttgga 183 Minamiyama et al., [294] 
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96 CAMS-865 agaaatcgtggttgggtgag cactttggcacattttgctg 179 Minamiyama et al., [294] 
97 CAMS-876 tgtgtctgaagcggaacaaa aagcagtgagcgacgaaga 243 Minamiyama et al., [294] 
98 CAMS-880 gagccaagaaaaaggtggaa caactcatcgttcaacaacaca 237 Minamiyama et al., [294] 
99 CAMS-888 cctcggagtggtttgttgat gcttgttcacgccaccttat 211 Minamiyama et al., [294] 
100 CAMS-891 ctccgagaaggatgtcagga actgagcgactgatgcctct 204 Minamiyama et al., [294] 
101 CAMS-094 tgtagctcacatcgtctccact gcattgcatttcacttgcat 190/188 Mirmura et al., [295] 
102 CAMS-228 gagggctaagcaaagcagaa tgcatgtttcccttagtttcc 241/239 Mirmura et al., [295] 
103 CAMS-406 taaaaatcgcggaaagttgc gtcgttctatgcggcatttt 184/182 Mirmura et al., [295] 
104 CAeMS068 atcaaatctcaacacatggtggct gtttactgtatctccggccctgtca 169/166 Mirmura et al., [295] 
105 CAMS-071 aatgggatctgcatgagaca ttccctaaaagatggtgattcc 172/166 Mirmura et al., [295] 
106 CAMS-823 tcctcctccttctcgtgttc aaagaagcagcaggtgaaga 226/228 Mirmura et al., [295] 
107 CAeMS-035 aggtctatcggaaacagcctttct gtttgatcacatcccagtcgaatccta 183/181 Mirmura et al., [295] 
108 CAeMS-060 atcaagacaacaacatcatgggga gtttcgcctatcaacaatggcaaataca 286/292 Mirmura et al., [295] 
109 CAeMS-138 acacacacaatttccctcactcac gtttctctcaaatccctccgttgttc 250/244 Mirmura et al., [295] 
110 CAMS-396 gtcggccgtcattcactatt agcttgatgcacctggtctt 240/244 Mirmura et al., [295] 
111 CAMS-032 tgccacataggttggctttc caaagccaatgcacataatca 233/245 Mirmura et al., [295] 
112 CAMS-066 aaaaacatgcaccagtcctt caaccgcctgaattttctct 157/153 Mirmura et al., [295] 
113 CAMS-493 tcgatgacgaaaaagtgtgaa agggcaaaagacccattctt 225/223 Mirmura et al., [295] 
114 CAMS-212 ttccctttcccaacatggta acacccgaagatgggttaga 154/150 Mirmura et al., [295] 
115 CAMS-368 gagtggataagcaaggacgttt tttgcttccctttttgcttc 206/180 Mirmura et al., [295] 
116 CAMS-091 tgctaaacttggttccctatcc cgaagatggattagcgggta 180/172 Mirmura et al., [295] 
117 CAMS-179 catgtcatgaagttgataagacaatg tgttccagtgaaaggcttctt 228/224 Mirmura et al., [295] 
118 CAMS-452 gaagtctgggacctcttttgg ttcattttgatcttcacgaacg 161/163 Mirmura et al., [295] 
119 CAMS-476 ttttccctttccagttgttca atgggtgaagtgtgaaaagaa 156/164 Mirmura et al., [295] 
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Table 5.2 List of Gene Specific Makers used to detect Polymorphism between Parents 

S.No CaAQP Forward Primer Reverse Primer Reference 
1 CaRLK1 gctgagtctggcaggtataatc gttgtggaggaatttcgttgtg Srideepthi et al., [296] 
2 CaRLK2 cgaagaccaaccagtgaacta ccaggctctgtctcgtataaag Srideepthi et al., [296] 
3 CaRLK3 gaatatggctcggagggaatag ctcttcatctgttggccttct Srideepthi et al., [296] 
4 CaRLK4 ccaagggctgtctctacattac cagcttattaccgtgcagacta Srideepthi et al., [296] 
5 CaRLK5 cgagattcagcgagcaacaa gccactacactaccaccagata Srideepthi et al., [296] 
6 CaRLK6 gtggcatgtgctttggaatatc ccatatcctcatccagcaagac Srideepthi et al., [296] 
7 CaRLK7 ctcagcgactttggcatttc aacccatcttgcccatactc Srideepthi et al., [296] 
8 CaRLK8 ccaccatcgagtcactgtattag gtcactaatgtcgagggaaaca Srideepthi et al., [296] 
9 CaRLK9 gcccaatgggacacttgata gaacagccattgtggagataga Srideepthi et al., [296] 

10 CaRLK10 ttcctccacaccttggaaac ccaactctccaggcaaatct Srideepthi et al., [296] 
11 CaRLK11 gtgggagtgggtatgctattt atttgcttgacctgcattcttc Srideepthi et al., [296] 
12 CaRLK12 gcaaacttcacaggccaatc cactcccaaagggacatacaa Srideepthi et al., [296] 
13 CaRLK13 catggacctgagtggaaatagg tcttaccggaactcttcctagag Srideepthi et al., [296] 
14 CaRLK14 cggttcgattccaaggagtatag ctcattagggatcacaccaaca Srideepthi et al., [296] 
15 CaRLK15 cacactcctcacttccctttc tctcctctgcatagcacaataac Srideepthi et al., [296] 
16 CaRLK16 gagtaagcgtggtgaaggtatg ccgccttgtcccaacttatta Srideepthi et al., [296] 
17 CaRLK17 cagggaccatcctgtgaataag gaccaaacaagagtgccattg Srideepthi et al., [296] 
18 CaRLK18 cctgtctgagtgactgttcttg cctcctcctccttctttgtcta Srideepthi et al., [296] 
19 CaRLK19 ccatccagtgaagaagaggaag catctccgccagaagagaatataa Srideepthi et al., [296] 
20 CaRLK20 ggcgagatggtcagaatctaag gcgacacccttcgtgtaaata Srideepthi et al., [296] 
21 CaRLK21 tgagaggaacgagaggttatct tcgcctccctgatacaatttc Srideepthi et al., [296] 
22 CaRLK22 aataggacagggtggctttg cttctccgtcaccattagtttct Srideepthi et al., [296] 
23 CaRLK23 agctgtgaaggtcctgaatg ccacaaggctcacgatgtta Srideepthi et al., [296] 
24 CaRLK24 ttcagctagacgatgacctaaag gatgcaccacagacctactaat Srideepthi et al., [296] 
25 CaRLK25 gttcaggcaaagggaagaaatg ctcaggttgtgcggaaaga Srideepthi et al., [296] 
26 CaRLK26 ggcgtaggattggtgatgataa ttgttgagaggaagcgagatg Srideepthi et al., [296] 
27 A0A1U8GJW9 caggagtgcaagtcagtagtc ccaccatctctggagcataaa Nallamothu et al., [297] 
28 A0A1U8EYS7 ctctgaaagtggtgtccctaaa ctcccaaatcaccagtcaca Nallamothu et al., [297] 
29 A0A1U8H869 gcaagcaccaagccaaa tgctacaatgtccaccagtaaa Nallamothu et al., [297] 
30 A0A1U8FC85 cagatcgtgtaagatggtcagg ggtatccacaaatcggcatcta Nallamothu et al., [297] 
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5.1.2.3. Genotyping of Population 

 Polymorphic markers between KCa-1 and KCa-19 were genotyped on 100 F2 intra-

specific mapping population along with parents by isolating DNA from the population and 

performing PCR amplification followed by gel electrophoresis as aforementioned. Banding 

pattern was documented using gel documentation system. Based on the alleles of parents, 

data was scored for polymorphic markers in population. Lines having the allele from female 

parent (KCa-1) were scored ‘A’ regardless of amplicon size, while the genotypes carrying 

male counterpart’s (KCa-19) allele were scored ‘B’ and lines bearing both alleles 

(heterozygous) were assigned ‘H’ and missing data (failed amplification) was designated ‘-’. 

 

5.1.2.4. Linkage Map Construction 

 Genotyping data retrieved from mapping population was used for linkage map 

analysis using MapMaker 3.0 v [208], LOD of 3.0 and maximum recombination fraction of 

0.372, were chosen as significance criteria. Kosambi mapping function was harnessed to 

estimate map distances by converting recombination frequencies into centiMorgan (cM) map 

distance [299]. Segregated markers were classified into linkage groups. 

 

5.1.3. QTL Interval Mapping 

5.1.3.1. Phenotyping of Physiological Traits 

The mapping population comprising 100 F2:3 lines were developed at Green House, K 

L Garden, and were segregated for drought tolerance traits. Phenotypic data was collected 

from 100 F2:3 lines and parent lines under drought conditions. Phenotyping was carried out 

for two consecutive seasons (Kharif- 2018 and Rabi- 2018) in the year 2018-19 with three 

replications in each season. 

Seeds of F2:3 were sown in black trays for 45 days. After 45 DAS, seedlings were 

transferred to pots (30 x 30 cms) and allowed for adaptation. After ten days of 

acclimatization, severe drought stress (40% FC) was given to plants using gravimetric 

approach and was maintained for one week at 40% FC. At the end of drought period, eleven 

morpho-physiological and biochemical traits viz., Photosynthetic Rate (Pn), sub-stomatal CO2  
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concentration (Ci), Stomatal Conductance (Gs), Water Use Efficiency (WUE), 

Transpiration(E), Relative Water Content (RWC), Total Chlorophyll Content (TCC), Proline 

Content (PC), Ion Leakge (IL), Root Length (RL), and Root Dry Weight (RDW). 

 Leaf gas exchange parameters were measured using portable CO2 /H2O infra-red gas 

analyzer at green house of Herbal Garden, Acharya Nagarjuna University. Relative Water 

Content was evaluated according to Shivakrishnan et al., [160]. Proline Content was 

estimated as per the method described by Sankar et al., [156]. Ion Leakage was evaluated to 

estimate cell membrane integrity. In this method, conductivity of leaves immersed in distilled 

water before and after autoclaving the solutions was measured and calculated according to Su 

et al., [161]. Total Chlorophyll Content in leaves was measured using Acetone and Dimethyl 

Sulphoxide (DMSO) in 1:1 proportion according to method described in Shivakrishnan et al., 

[160]. By rinsing the roots in running water, soil particles from the roots were removed. The 

roots were straightened and length of the tap root was measured. The Root Dry Weight 

(RDW) was documented after drying the root at 80o C in a hot air oven for 72 h. 

 

5.1.3.2. Phenotypic Data Analysis 

 Phenotype data collected from 100 F2:3 lines and their parents from the two 

consecutive seasons were analysed for the determination of mean, range, skewness, kurtosis, 

coefficient of variance (CV), frequency distributions and correlation coefficient (r) between 

studied traits, using column statistics analysis of GraphPad Prism version 8.4.3 (Windows). 

Further, the data analysed using ANOVA and phenotypic variance (𝑉𝑉𝑝𝑝), genotypic variance 

(𝑉𝑉𝑔𝑔), environmental variance (𝑉𝑉𝑒𝑒), genotypic coefficient of variance (GCV %), environmental 

coefficient of variance (ECV %) and phenotypic coefficient of variance (PCV %) and were 

calculated by using the following formulae [300]. 

 

Genotypic Variance (Vg) =  
Genotype Mean Square −  Error Mean Square 

Numberof Replications (r)  

 

Environmental  Variance (Ve) =  Error Mean Square 
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Phenotypic Variance �Vp� = Vg + (Ve
r)�  

𝐺𝐺𝐺𝐺𝑉𝑉 % =  �
𝑉𝑉𝑔𝑔
�̅�𝑥

 × 100 

PCV % = �Vp

x�
 × 100 

ECV % =  �
Ve

x�
 × 100 

 

Heritability was determined as ratio of genetic variance to phenotypic variance [301] 

and was represented as % 

h2   =
Vg

Vp
 × 100 

5.1.3.3. QTL Interval Mapping 

 Composite Interval Mapping (CIM) was employed to identify the association between 

phenotype and markers, using Windows QTL Cartographer v2.5 [302]. The waking speed 

across all QTLs was 1.0cM. By performing 1000 permutations with type I error rate of 0.05, 

threshold value to proclaim significant QTL was determined [303] along all chromosomes 

and a LOD score of ˃ 2.5 was considered for declaring the presence of QTL. Analysis was 

performed for individual trait using data from individual season and the collective data from 

two seasons was averaged by simple means. Identified QTLs were labelled according to 

nomenclature given by McCouch et al., [304].  
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5.2. Results 

5.2.1. Linkage Map 

 In the current investigation, a whole of 189 markers got employed to detect the 

polymorphism between parents. Twenty (16.80%) of 119 SSRs and eight (20%) of 40 

CaAQP markers showed clear polymorphism between parent lines. Hence among 189 

markers, 28 markers (14.81%) were polymorphic and available to form linkage groups 

(LGs). Genotyping data was availed to construct intra-specific genetic map.  

Developed intra-specific genetic map embodied four linkage groups (LG1- LG2) 

with 26 marker loci spanning a total of 644.4 cM genetic distance (Figure 5.1). Markers 

were distributed unevenly, with four markers on LG1, nine on LG2, seven on LG3 and 

eight markers on LG4. The LG2 of intra-specific map spanned the heighest genetic map 

distance (302.9 cM), followed by LG4 (163 cM) and LG3 (130.1 cM). The LG1 with 48.4 

cM distance, covered least map distance.  

 

Figure 5.1 Intra-specific genetic map derived from Mapping Population developed from 

KCa-1 and KCa-19 
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5.2.2. Phenotypic Variation between Parents 

 The morpho-physiological traits viz., Pn, Gs, E, Ci, WUE, TCC, PC, IL, RWC, RL 

and RDW were analysed and estimated in parent lines under control (100% FC) and 

stress (40% FC) conditions. Mean values of all 11 traits were compared between parent 

lines under both water regimes (Figure 5.2 and 5.3). 

 

 

 

Figure 5.2 Phenotypic variation between parents for traits Pn, Gs, E, Ci, and WUE. **** 

represents significant difference at P <0.0001 between parents at given FC. 
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Figure 5.3 Phenotypic variation between parents for traits TCC, PC, IL, RWC, RL and 

RDW. **** represents significant difference at P <0.0001, ** represents significant 

difference at P < 0.01 and ns represents non-significant difference between parents at a 

given FC. 
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Significant differences between parent lines under both water regimes were 

observed. Under control conditions, all the studied traits revealed significant differences 

between parents except TCC, PC and IL which displayed no significant differences. 

When plants were grown under control conditions, traits like Pn, Gs, WUE, TCC, RWC 

and RDW demonstrated higher values and traits like IL, PC, RL revealed lower values. 

Exposure of plants to drought conditions resulted in drastic decrease and increase of   Pn, 

Gs, WUE, TCC, RWC, RDW and  

IL, PC, RL respectively.  

 Under drought conditions, KCa-1 maintained higher photosynthetic rate (7.75 mol 

CO2/m2/s) than KCa-19 (1.96 mol CO2/m2/s). Although, both the genotypes have reduced 

their stomatal conductance owing to their partial closure of stomata under drought 

conditions, KCa-1 maintained higher stomatal conductance (0.12 mol CO2/m2/s) in 

comparison to KCa-19 (0.03 mol CO2/m2/s). Droughted KCa-1 accumulated significantly 

higher amounts of proline (187.71 µg/gm) than KCa-19 (174.67 µg/gm). Although, there 

was drastic decrease in RWC under drought conditions, KCa-1 retained 54.13% RWC 

while KCa-19 retained only 41.66% RWC. With increase in IL, the reduction in cell 

membrane integrity was evident in both genotypes but it was much higher in KCa-19 

(299.87%) than in KCa-1 (199.18%). 

 

Despite the fact that, there was adverse effect of drought on both parent lines, 

KCa-1 revealed higher stomatal conductance, relative water content, photosynthetic rate, 

stomatal conductance, proline content and chlorophyll content which made it drought 

tolerant while KCa-19 which was unable to retain higher relative water content and 

photosynthetic rate became drought susceptible. Hence, selection of KCa-1 and KCa-19 

for the development of mapping population to map these traits was effectual.  

 

5.2.3 Phenotypic Analysis of Drought Tolerance among F2:3 lines 

 To identify QTLs for drought tolerance traits, all 11 traits were measured for two 

consecutive seasons (Kharif-2018 and Rabi- 2018) in the year 2018-19, with three 

replications each. Generated phenotypic data in both seasons was assessed through 

ANOVA. Pooled variance displayed significant differences among environments and 

genotypes (Table 5.3). 
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The mean square (MS) values obtained due to genotype were highly significant (P 

<0.0001) from one another for morpho-physiological characters (Table 5.3) indicating the 

presence of genetic variation which further emphasised the possibility of mapping QTLs 

for the traits under study. While, profound significant differences (P <0.0001) in mean 

square values due to environment, were found in Pn, WUE, PC, RWC and RDW, traits Ci, 

TCC and IL showed non-significant differences (Table 5.3). The genotype x environment 

interaction showed the presence of significant differences in all traits except TCC (Table 

5.3), implicating the effect of environment on genotypes.  
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Table 5.3 Analysis of Variance (ANOVA) for Drought Tolerance Traits in Hot Pepper 

  Mean Square Values 

Source of 
Variation 

df Pn Gs E Ci WUE TCC PC IL RWC RL RDW 

Environment 
(Kharif & 

Rabi) 
1 

133.4**** 
 

0.1210*** 
 

1.968** 

 
0.1473ns 

 
20.76**** 

 
0.08284ns 

 
145.0**** 

 
54.49ns 

 
35505**** 

 
39.20* 

 
0.0002745**** 

 

Replication 4 
0.07039* 

 
0.001307ns 

 
0.02749ns 

 
112.2* 

 
0.02075ns 

 
0.4127ns 

 
0.5991**** 

 
10.51ns 

 
0.6442*** 

 
4.538**** 

 
4.861e-007ns 

 

Genotypes 
(F2:3 

Population) 
99 

267.7**** 
 

0.02595**** 
 

7.753**** 

 
6531**** 

 
6.953**** 

 
84.38**** 

 
46547**** 

 
53102**** 

 
2347**** 

 
25.23**** 

 
0.0007539**** 

 

Environment 
X Genotype 

99 
0.1503**** 

 
0.003731**** 

 
0.6907**** 

 
81.09**** 

 
0.8473**** 

 
0.04482ns 

 
0.5956**** 

 
76.26**** 

 
662.3**** 

 
1.618**** 

 
8.525e-005**** 

 

Residual 396 
0.02233 

 
0.0006173 

 
0.1088 

 
37.05 

 
0.2092 

 
0.3024 

 
0.08620 

 
18.26 

 
0.1103 

 
0.1252 

 
3.535e-007 

 

Analysis of Variance (ANOVA) was calculated using GraphPad Prism 8.4.3 for eleven traits namely Photosynthetic Rate (Pn), Stomatal Conductance (Gs), Transpiration 
(E), Substomatal CO2 Concentration (Ci), Water Use Efficiency (WUE), Total Chlorophyll Content (TCC), Proline Content (PC), Ion Leakage (IL), Relative Water 
Content (RWC), Root Length (RL) and Root Dry Weight (RDW). The significance was displayed using asterisks. * <0.05, **<0.01, *** <0.001, **** <0.0001, ns 
represents non- significant.
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In the present study, phenotypic data revealed significant variation was among F2:3 

lines for studied traits. Among 11 traits, four traits namely Ci, PC, RWC and IL revealed 

high variations ranging from 219.57-326.54, 14.92-295.98, 17.17-95.48 and 21.01-325.96 

respectively (Table 5.4). Traits Gs (0.03-0.28), WUE (1.07-5.57), E (1.39-5.99), RDW 

(0.24-8.60), RL (3.63-12.20), TCC (2.84-14.87), Pn (1.94-23.23) exhibited less variation 

in F2:3 lines with average values of 0.16 mol CO2/m2/s, 3.50, 3.24 mmol H2O m2/s, 1.09 

cms, 6.45 cms, 8.70 mg/g and 12.10 mol CO2/m2/s respectively (Table 5.4). 

Phenotypic, genotypic and environmental variances along with their coefficient of 

variances, heritability of all traits were presented in Table 5.6. Highest genotypic 

(8855.89) and phenotypic (8826.279) variance were observed in IL trait followed by PC 

(Vg- 7759.14, Vp- 7759.20) and Ci (Vg - 1899.21, Vp - 1101.87). Lowest Vg and Vp were 

found in RDW followed by Gs, WUE and Transpiration traits (Table 5.5). Genotype 

coefficient of variance was revealed to be highest in proline content (57.99%), followed 

by ion leakage (56.13%), photosynthetic rate (55.28%), TCC (42.85%) and stomatal 

conductance (41.35%), while the lowest was found in RDW (1.08%), followed by Ci 

(12.21%). Present research found the similar tendency in phenotypic coefficient of 

variance among traits. Trait proline content showed highest phenotypic coefficient of 

variance (57.99%) and Ci trait showed lowest (12.28%). Present results (Table 5.5) 

revealed close association between genotypic and phenotypic coefficient of variances. For 

all traits, heritability ranged from 90-100% (Table 5.5) indicating high heritability in 

traits. According to Robinson et al., [305], trait would show high heritability if h2 > 60%. 

The correlation between the traits was evaluated and the results demonstrated 

significant association between the traits (Table 5.6). Present work revealed significant 

positive and negative correlations between traits. Significant positive correlation (P<0.05) 

was observed between proline content and photosynthetic rate, total chlorophyll content 

and photosynthetic rate whereas a significant negative correlation (P<0.05) was seen in 

between photosynthetic rate and sub-stomatal CO2 concentration (Table 5.6). Among the 

traits, IL showed a negative correlation with all studied traits except RL. Out of which, 

highest negative correlation was observed between IL and Pn, IL and Proline (Table 5.6). 

While root length and root dry weight revealed non significant positive and negative 

correlations with other traits, root length and root dry weight shared significant positive 

correlation (P<0.05)  (Table 5.6).  
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Table 5.4 Mean Statistical Parameters estimated from F2:3 Population for Eleven Morpho-Physiological Traits under Drought Stress 

Traits Mean Range SD Variance Skewness Kurtosis CV (%) 

Photosynthetic Rate 12.10 1.94-23.23 6.67 44.60 0.11 -1.32 55.28 
Stomatal Conductance 0.16 0.03-0.28 0.07 0.005 0.005 -1.09 42.62 

Transpiration 3.24 1.39-5.99 1.18 1.40 0.28 -0.80 36.47 
Substomatal CO2 Concentration 270.20 219.57-326.54 33.19 1101.87 0.17 -1.29 12.28 

Water Use Efficiency 3.50 1.07-5.57 1.13 1.32 -0.39 -0.58 32.08 
Total Chlorophyll Content 8.70 2.84-14.87 3.76 14.15 0.11 -1.33 42.93 

Proline Content 151.88 14.92-295.98 88.08 7759.20 0.10 -1.331 80.68 
Ion Leakage 167.63 21.01-325.96 94.14 8862.27 0.10 -1.31 56.15 

Relative Water Content 60.55 17.17-95.48 22.01 501.56 -0.33 -0.73 37.85 
Root Length 6.45 3.63-12.20 1.37 2.35 0.71 2.11 21.63 

Root Dry Weight 1.09 0.24-8.60 1.18 1.40 4.63 25.95 107.58 
SD- Standard Deviation, CV- Coefficient of Variation
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Table 5.5 Heritability of Eleven Morpho-Physiological Traits 

Traits Vg  Vp  Vg  GCV (%) PCV (%) ECV (%) Heritability (%) Classification 
Photosynthetic Rate 44.597 44.609 0.028 55.282 55.289 1.374 99.974 very high 

Stomatal Conductance 0.005 0.005 0.001 41.353 42.626 16.355 94.002 very high 
Transpiration 1.324 1.404 0.160 35.348 36.475 9.698 93.488 very high 

Substomatal CO2 Concentration 1089.212 1101.874 37.872 12.211 12.283 1.730 98.815 very high 
Water Use Efficiency 1.168 1.321 0.307 30.449 32.085 12.281 91.269 very high 

Total Chlorophyll Content 14.00 14.05 0.15 42.85 42.93 3.56 99.64 very high 
Proline Content 7759.149 7759.209 0.126 57.995 57.995 0.219 99.999 very high 

Ion Leakage 8855.896 8862.279 18.570 56.139 56.159 2.217 99.928 very high 
Relative Water Content 501.490 501.560 0.153 37.849 37.852 0.619 99.981 very high 

Root Length 4.356 4.429 0.190 32.336 32.611 6.693 98.325 very high 
Root Dry Weight 0.00 0.00 0.00 1.08 1.08 0.06 99.87 very high 

Vg- Genotypic Variance, Vp- Phenotypic Variance, Ve- Environmental Variance, GCV- Genotypic Coefficient of Variance, PCV- Phenotypic Coefficient of Variance, 

ECV- Environmental Coefficient of Variance.  
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Table 5.6 Correlation among different Morpho-Physiological Traits 

Variables Pn Gs E Ci WUE TCC Proline IL RWC RL RDW 

Pn 1 0.702 0.841 -0.917 0.797 0.996 0.998 -0.993 0.595 -0.105 0.049 

Gs 0.702 1 0.657 0.646 0.478 0.695 0.696 -0.693 0.344 -0.225 0.097 

E 0.841 0.657 1 0.795 0.392 0.836 0.843 0.827 0.536 -0.095 0.000 

Ci -0.917 0.646 0.795 1 0.732 0.916 0.919 -0.908 0.518 -0.119 -0.042 

WUE 0.797 0.478 0.392 0.732 1 0.797 0.795 -0.801 0.379 -0.068 0.101 

TCC 0.996 0.695 0.836 0.916 0.797 1 0.998 -0.992 0.601 -0.099 0.048 

Proline 0.998 0.696 0.843 0.919 0.795 0.998 1 -0.994 0.597 -0.100 0.050 

IL -0.993 -0.693 -0.827 -0.098 -0.801 -0.992 -0.994 1 -0.590 0.121 -0.050 

RWC 0.595 0.344 0.536 0.518 0.379 0.601 0.597 -0.590 1 0.050 0.093 
RL -0.105 -0.225 -0.095 -0.119 -0.068 -0.099 -0.100 0.121 0.050 1 0.251 

RDW 0.049 0.097 0.000 -0.042 0.101 0.048 0.050 -0.050 0.093 0.251 1 
Values is bold are significant at P=0.05 
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Frequency distribution of 100 F2:3 lines along with parents (KCa-1 and KCa-19) 

for eleven morpho-physiological characters were illustrated for kharif season (Figure 5.4) 

and rabi season (Figure 5.5). Variation among parental lines for each trait were illustrated 

as P1 (drought tolerant -KCa1) and P2 (drought susceptible - KCa-19). With positive 

skewness values and negative values of kurtosis, traits viz., Pn, Gs, E, Ci, TCC, PC, IL and 

RL showed a positively skewed platykurtic distribution. RDW trait revealed a positively 

skewed leptokurtic distribution with positive skewness and kurtosis values. Both RWC 

and WUE displayed negatively skewed platykurtic distribution.  

 

5.2.4. QTL Mapping 

In the present work, 189 markers were deployed for the detection of parental 

polymorphism. A total of 28 markers, out of 189 were found to be polymorphic between 

parents, which were further used to genotype F2 population. Using composite interval 

mapping (CIM), QTL analysis between genotypic and phenotypic data identified six 

QTLs in season-1 (kharif- 2018) and six QTLs in season-2 (Rabi- 2018) (Table 5.7). 

However, only three QTLs one each for traits Pn, Proline and RWC were consistently 

observed in both seasons (Table 5.7). 
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Figure 5.4 Frequency distribution curves of eleven morpho-physiological traits generated from F2:3 lines in Kharif-2018
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Figure 5.5 Frequency distribution curves of eleven morpho-physiological traits generated from F2:3 lines in Rabi-2018 
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Table 5.7 QTLs detected by Linkage Analysis using Composite Interval Mapping. 

Trait Season QTL Detected Chromosome Position LM RM LOD R2 Additive Effect 

Photosynthetic Rate 

Kharif qPR4.1 4 36.71 EPMS303 Hpms1-168 8.30 0.33 1.45 
Rabi qPR4.1 4 39.71 EPMS303 Hpms1-168 8.07 0.35 1.54 

Pooled qPR4.1 4 38.21 EPMS303 Hpms1-168 8.18 0.34 1.49 

Stomatal Conductance 

Kharif qSC1.1 1 12.01 EPMS-417 CAMS-236 2.84 0.10 -0.04 
Rabi qSC4.1 4 30.81 CAMS-117 GPMS-113 7.07 0.35 -1.84 

Pooled - - - - - - - - 

Sub-stomatal CO2 
Kharif 

qSCC1.1 1 11.01 EPMS-417 CAMS-236 2.78 0.10 -22.06 
qSCC3.1 3 0.01 CaPIP2-4 CaTIP2-1 2.80 0.10 21.64 

Rabi - - - - - - - - 
Pooled 

        

Proline 
Kharif qPRO1.1 1 17.71 CAMS-606 CAMS-424 3.06 0.11 1.14 
Rabi qPRO1.1 1 13.71 CAMS-606 CAMS-424 3.22 0.10 1.13 

Pooled qPRO1.1 1 15.71 CAMS-606 CAMS-424 3.14 0.10 1.13 

Water Use Efficiency 
Kharif - - - - - - - - 
Rabi qWUE4.1 4 38.71 EPMS303 Hpms1-168 4.19 0.19 2.28 

Pooled - - - - - - - - 

Root Dry Weight 
Kharif - - - - - - - - 
Rabi qRDW3.1 3 29.41 CaTIP5-1 CaPIP2-5 8.96 0.39 -5.98 

Pooled - - - - - - - - 

Relative Water Content 
Kharif qRWC4.1 4 46.71 GPMS-113 EPMS-303 6.05 0.34 1.62 
Rabi qRWC4.1 4 45.71 GPMS-113 EPMS-303 6.49 0.35 1.62 

Pooled qRWC4.1 4 46.21 GPMS-113 EPMS-303 6.27 0.34 1.62 
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The QTL for photosynthetic rate (qPR4.1) was detected on 4th chromosome and was 

observed constantly in both Kharif-2018 and Rabi-2018 seasons. Current research identified 

QTL for Pn with LOD value of 8.18 at 38.21 cM position within the marker interval of 

EPMS-303 and Hpms1-168 (Table 5.7). Phenotypic coefficient of variation was observed to 

be 55.28% (Table 5.5). One QTL for stomatal conductance (qSC1.1) at 12.01 cM position 

within the marker interval of EPMS-417 and CMAS-236, having LOD value of 2.84 (Table 

5.7) was detected on chromosome 1 in Kharif season. But, in Rabi season, QTL for stomatal 

conductance (qSC4.1) was identified on chromosome 4 with LOD value of 7.04 at 30.81 cM 

within the marker interval of CAMS-117 and GPMS-113 (Table 5.7).  

 

Two QTLs qSCC1.1 and qSCC3.1 were detected on chromosome 1 and 3 respectively 

for sub-stomatal CO2 in Kharif experimental season. QTL qSCC1.1 having LOD value of 2.78 

at 11.01 cM position within the marker interval of EPMS-417 and CAMS-236 was detected. 

QTL qSCC3.1 having LOD value of 2.8 was detected at 0.01 cM within the marker interval of 

CaPIP2-4 and CaTIP2-1. No QTLs were identified in experimental season Rabi. The 

identified QTL, qPRO1.1, controlling Proline trait was situated on 1st chromosome and was 

found to be consistent in both experimental seasons. Pooled data revealed the presence of 

qPRO1.1 at 15.71 cM within the marker interval of CAMS-606 and CAMS-424 with 3.14 

LOD value (Table 5.7).  

 

QTL qRWC4.1 controlling RWC character was detected on chromosome 4 in both 

experimental seasons. Pooled data revealed the presence of qRWC4.1 at 46.21 cM within the 

marker interval GPMS-113 and EPMS-303 with LOD value of 6.27 (Table 5.7). One QTL 

(qWUE4.1) controlling WUE character and one QTL (qRDW3.1) controlling root dry weight 

were detected on chromosome 4 and 3 respectively in one experimental season (Kharif). No 

QTLs were detected in Rabi season for the same traits. QTL qWUE4.1 was detected at 38.71 

cM within the marker interval of EPMS-303 and Hpms1-168 having LOD value of 4.19. 

QTL qRDW3.1 was observed at 29.41 cM within the marker interval of CaTIP5-1 and 

CaPIP2-5 with LOD value of 8.9 on chromosome 3 (Table- 5.7).  
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5.3. Discussion 

5.3.1. Drought Stress  

Worldwide, because of biotic and abiotic stresses, agricultural crops face major yield losses 

[306]. Drought is a prominent abiotic stress which cause enormous and maximum yield loss 

and pose threat to global food security [307]. World population is envisioned to arrive at nine 

billion by the year 2020 and this makes essential to increase the production of food by 50% 

[308]. According to recent studies, the pace at which productivity is being increased in crops 

will not be adequate to meet the needs of growing population [309]. Productivity is further 

being hampered due to drastic climate changes with unforeseeable rainfalls, extended periods 

of drought. Also, research in recent years indicated that there is intensification in frequency 

and severity of drought which is one of the major concerns.  

In India, occurrence of drought reveals distinguishing frequency and trend in various 

regions. From the time of 2015, India has been facing drought conditions. According to 

Mahto and Mishra [15], 80% of flash droughts manifested during monsoon region in the 

country. A recently developed and intensified event is flash drought. Conventional drought 

intensifies slowly but contrary to conventional drought, flash drought intensifies rapidly 

resulting in high evapotranspiration, high temperatures accompanied with high solar 

emission [310]. As a consequence, during flash drought, soil moisture content is rapidly 

decreased affecting the crop. Increasing frequency of flash droughts in India is one of the 

significant concerns as it directly hampers agricultural productivity.  

To counterattack, adverse conditions, plants also evolved several strategies. A series 

of changes at cellular, morphological, physiological and molecular level takes place in pants 

which enable plants to survive under challenging environmental conditions. These adaptive 

mechanisms enhance survival of the plant under low moisture content. Drought tolerance is a 

multifaceted phenomenon which involves several mechanisms at different levels involving 

multiple traits. Even drought tolerance traits are complex as they are often controlled by 

multiple genes.  
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Because of their multigenic nature, it becomes challenge to understand genetic 

control of drought tolerance traits [311, 312]. In addition, unpredictable environmental 

conditions led to defective heritability measurements, which is one of the hindrances in 

understanding and comprehending drought tolerance traits at genetic level [313]. Developing 

drought tolerant crops that not survive under water deficit conditions but also minimise the 

yield gap caused during drought are desirable. Although, conventional breeding is being used 

to develop drought tolerant plants, the process is often very slow and is highly limited by 

availability of suitable genotypes and sexually compatible species. With the advent of DNA 

markers, identifying QTLs underlying drought tolerance traits would be highly beneficial and 

can be used in molecular breeding methods which are more precise and time saving. 

Capsicum annuum is a commercial crop grown worldwide. Young chilli plantlets cannot 

endure water deficit conditions [23]. Also, less moisture levels results in early flowering 

leading to yield loss [25]. Taking into consideration the importance of developing drought 

tolerant genotypes in chilli, present research aimed at identifying QTLs for drought tolerance 

traits.  

 

5.3.2. Simple Sequence Repeats and Gene Specific markers in Capsicum auumm 

Recent decade has witnessed huge progress in DNA marker expertise which has 

enabled researchers to discover and study QTLs and impact on phenotypic variance [314, 

315]. Further, markers are also useful in selection of desirable genotypes (Marker Assisted 

Selection) which has reduced time and cost of breeding process. Identification of QTLs 

allowed to introgress QTLs into new genotypes advancing conventional breeding to Marker-

Assisted Breeding.  

Among different types of molecular markers, microsatellites or SSR (simple sequence 

repeat) markers are highly advantageous as they are plenty, highly polymorphic and can be 

analysed in simple coft effective methods without delay in time. They provide high genome 

coverage and are suitable for automation [316, 295]. Hence the present work deployed SSRs 

markers to detect QTLs for drought tolerance characters. Several SSRs were characterised in 

Capsicum annuum cultivars [292- 295, 316, 317]. From these, reports, SSRs with high PIC 

values were chosen in such a way that, all 12 chromosomes were covered. In totality, 119  
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SSR markers were utilized to detect polymorphism between two parents differing in drought 

tolerance.Usage of SSRs in plant breeding has become common because of their time and 

cost effectiveness [318]. Out of 119 SSR markers, only 20 markers (16.80%) showed 

polymorphism between parents indicating low polymorphism. Degree of polymorphism 

specifies the magnitude of genetic variation among genotypes [319]. Low polymorphism 

found in the present work suggests genetic homogeneity and less genetic diversity among the 

genotypes. 

Although several genes are familiar with their involvement in conferring tolerance 

towards drought, genetic association studies between genetic variations in these genes and 

phenotypes are meagrely reported. With the availability of Capsicum annuum genome 

sequence, recognition of candidate genes which involve in drought tolerance has become 

relatively easier. Aquaporins (AQPs) sustain cell viability by transporting water in and out of 

plants. Water transport across cell membrane is mediated and controlled by opening and 

closing of AQP gates. Their role often determines plant water balance and plant water use 

[320-322]. Abiotic stresses viz., drought, salinity, low temperature have ability to reduce the 

rate of water transport in plants [97, 323, 324]. Preserving and maintaining water balance 

under these stressful conditions is prerequisite for plant’s survival and is great challenge 

[325]. AQPs play vital role in sustaining water homeostasis [326-328]. Changes in 

expression and abundance of AQPs can proficiently regulate water movement across 

transmembrane. Identification of plant traits associated with AQPs would be useful to 

understand physiological roles of AQPs. Owing to the significance of AQPs and their role in 

drought stress, the present research availed the presence of Capsicum annuum genome 

sequence. Aquaporin candidate genes were extracted from the available pepper genome 

database, identified and characterised. Using gene specific markers, candidate genes were 

further used to determine allelic variation between the two parents. Out of 40 CaAQPs, only 

eight (20%) genes showed allelic variation between the parents. These polymorphic markers 

were further used in construction of linkage map and QTL analysis.  
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5.3.3. QTL Mapping 

Despite of the fact that marker technology has witnessed growth, the pace of mapping 

QTLs in chilli is relatively slow in comparison to other Solanaceae members like tomato and 

potato. This may be ascribed to large genome size of chilli and presence of less 

polymorphism between chilli cultivars. 

Although, QTL mapping is slow in chilli, many QTLs were identified in intra-specific 

and inter-specific crosses. QTLs for flowering time and number of flowers per node were 

discovered in inter-specific cross between C. chinenese and C. annuum. Fruit length related 

QTLs were identified in an inter-specific cross (C. annuum and C. galapagoene). For 

capsainthin content, QTL was identified in an intra-specific cross of C. annuum. QTLs for 

first flower node, which is a significant trait for determining fruit earliness in pepper were 

identified in an intra-specific cross. QTLs for plant height, and yield related traits viz., 

number of fruits per plant, pericarp thickness, total fruit weight, fruit length, and fruit width 

were identified in an intra-specific cross. QTL associated with oleroresin content was 

identified in an intra-specific cross. Apart from QTLs associated with fruit and yield related 

traits, QTLs associated for disease resistance were also identified in Capsicum annuum. 

QTLs for phytophthora fruit rot resistance; QTLs for anthracnose resistance were identified. 

Yet, QTLs related to drought tolerance and drought tolerance traits were not reported in 

chilli.  

Hence, present investigation aimed at identifying QTLs for drought tolerance 

characters. In the present investigation, quantitative trait loci for traits related to drought 

tolerance were mapped in F2 lines incorporating phenotypes of F3 progeny. A total of 189 

markers were employed to detect polymorphism between KCa-1 and KCa-19. An intra-

specific mapping population (100) was produced and genotyping was carried out using 28 

polymorphic markers. Phenotypic data was collected for drought tolerance traits viz., sub-

stomatal CO2 concentration, water use efficiency, photosynthetic rate, transpiration, total 

chlorophyll content, stomatal conductance, proline content, ion leakage, relative water 

content, root length and root dry weight in F2:3 lines under drought conditions. Detection of 

QTLs under drought conditions would be useful to draw meaningful conclusions especially 

when traits alter under drought conditions. An F2:3 design, wherein F2 lines are genotyped  
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and F2:3 lines are phenotyped, increases the precision in the detection of QTL [329]. Many 

QTLs related to drought tolerance were identified using F2:3 population [330-332]. QTL 

analysis under drought conditions was performed for two consecutive seasons viz., Kharif 

and Rabi in the year 2018-19. A total of twelve QTLs, six in Kharif and six in Rabi seasons 

were identified. Yet, only three QTLs (for Pn, WEU and RWC) were consistent in both 

seasons. The QTL for photosynthetic rate (qPR4.1) was detected on chromosome 4 and was 

observed consistently in both seasons.  Current research identified QTL for Pn with LOD 8.18 

at 38.21 CM, within marker interval of EPMS-303 and Hpms1-168. 

Availability of water is one of the most limiting factors affecting plant growth and 

yield in arid and semi-arid regions [333]. Photosynthesis is a key process which is altered and 

affected by drought due to decreased CO2 to the chloroplast. Photosynthesis has a chief role 

in performance of plants under drought conditions [334, 335]. Water deficit conditions 

damages organisation of photosynthetic apparatus thus inhibiting carbon assimilation thereby 

negatively affecting plant growth [336, 337]. Although there is a negative effect of drought 

on photosynthetic rate, cultivars which can maintain relatively higher photosynthetic rate in 

comparison to other cultivars under drought conditions are considered as drought tolerant. 

Hence identifying QTLs associated with photosynthetic rate would be useful in MAB for 

drought tolerance. QTLs for photosynthetic rate under drought were identified in malting 

barley [338], rice [339, 340], sunflower [341], Wheat [342]. QTL qRWC4.1 controlling RWC 

character was detected on chromosome 4 in both experimental seasons. Pooled data revealed 

the presence of qRWC4.1 at 46.21 cM within the marker interval GPMS-113 and EPMS-303 

with LOD value of 6.27. Water deficit conditions drastically effects plant water status and 

relative water content is an important indicator of plant water status. Genotypes which can 

retain relatively higher relative water content aid cells to maintain turgor and helps in 

retaining intact cell membrane thereby reduce cell membrane disintegration. QTLs for RWC 

under drought conditions were identified in Oryza sativa [343, 344] in Hordeum vulgare 

[345], wheat [346]. The identified QTL, qPRO1.1, controlling Proline trait was situated on 1st 

chromosome and was found to be consistent in both experimental seasons. Pooled data 

revealed the presence of qPRO1.1 at 15.71 cM within the marker interval of CAMS-606 and 

CAMS-424 with 3.14 LOD value. Many studies reported osmo-protective role of proline 
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 [347, 348] Proline accumulation is regarded as significant strategy deployed in plants to 

tolerate drought stress. Increase in the amount of proline is found to be associated with 

augmented tolerance to not only drought stress but also various abiotic stresses [349]. 

Further, by functioning as molecular chaperon, proline stabilises structure of proteins. 

Studies identified QTLs for proline in Triticum aestivum under salinity stress [350], in 

juvenile barley under drought stress [351], under both drought and salinity stress in barley 

[352].  
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CHAPTER 6 

CONCLUSION 
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CONCLUSION 

Present research revealed potential and significant interactions among various 

physiological and biochemical traits within twenty hot pepper genotypes. A total of twenty 

genotypes were strategically screened for drought tolerance at seed level, vegetative phase 

and reproductive phase. Water deficit showed significant effect on physiology in studied hot 

pepper genotypes. There observed varied response of genotypes to different water regimes 

emphasising differential interaction of genotypes with different environments. Based on 

yield, biochemical and physiological traits, four genotypes were identified as drought tolerant 

(KCa-1, KCa-3, KCa-13 and KCa-14), susceptible (KCa-19 and KCa-20) and moderately 

tolerant (KCa-2, KCa-4, KCa-5, KCa-6, KCa-7, KCa-8, KCa-9, KCa-10, KCa-11, KCa-12, 

KCa-15, KCa-16, KCa-17 and KCa-18) genotypes. Using the available Capsicum annum 

genome sequence, a genome wide search, identification and characterisation was performed 

for aquaporin candidate genes. A total of 50 aquaporin genes were identified and were 

classified into five subfamilies. Conserved NPA motifs, Froger’s positions and ar/R filter 

residues were deduced. Specificity Determining Positions were presumed. Deduced positions 

gave deeper insights into the substrate transport selectivity in Capsicum annuum aquaporins. 

Incidence of abiotic stress responsive Cis-acting regulatory elements were observed in 

aquaporin gene promoter sequences reiterated the fact that aquaporins play key role in 

alleviation of drought stress in plants. Expression profiles revealed significant differential 

expression displaying organ and genotypic specificity. To identify quantitative trait loci for 

drought tolerance traits,  a total of 189 markers (SSRs and gene specific) were deployed out 

of which, 28 polymorphic markers were used to generate genotypic data from 100 F2 

individuals developed from cross between KCa-1 and KCa-19. Developed intra-specific 

genetic map contained four linkage groups. Markers were distributed unevenly, with four 

markers on LG1, nine on LG2, seven on LG3 and eight markers on LG4. A total of three 

QTLs; qPR4.1, qRWC4.1, qPRO1.1 controlling photosynthetic rate, relative water content and 

proline respectively were identified. Identified drought tolerant genotypes can be used in 

drought tolerance breeding programs. Aquaporin genes presented here provide a genetic 

resource for future investigation to gain deeper understanding the role of AQP isoforms in 

drought tolerance. Identified QTLs could be used in marker assisted breeding for hot pepper 

improvement. 


